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FIGURE 20-3  A, Subperiosteal implant positioned beneath the peri-
osteum. Impression making often requires a difficult surgical technique. 
B, Superstructure for subperiosteal implant allowing for attachment of 
prosthesis. C, Denture prosthesis for subperiosteal implant. (Courtesy 
of Dr. Joseph Cain and Dr. Richard Seals.)
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FIGURE 20-4  A, Panoramic radiograph of a transosteal implant 
showing perforation of both cortical plates, hence the name staple 
implant. B, Transmucosal abutment for transosteal implant allowing 
for placement of denture restoration. (Courtesy of Dr. Joseph Cain and 
Dr. Richard Seals.)
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FIGURE 20-5  Collection of endosteal blade implant designs for restor-
ing single or adjacent teeth. 

of progressive loosening and infection, with subsequent  
loss of the implant construct.

The implant-to-bone interaction (called osseointegra-
tion) is characterized by direct contact between bone and the 
surface of a functional implant after one year. This central 
theme of the Brånemark group was called “direct anchorage 
to bone” and has become a major attribute of dental implants. 
This mode is described as the direct adaptation of bone to 
implants without any other intermediate nonbony tissue and 
has been described by some as similar to tooth ankylosis, 
where no periodontal ligament or fibrous tissue exists. The 

which attach teeth to bone, consist of highly differentiated 
fibrous tissue. These fibers are replete with numerous cells 
and nerve endings that allow for functional force transfer, 
sensory function, bone formation, and tooth movements. 
Although this is the ideal form of integration, there are no 
known implant biomaterials or designs at present that can 
stimulate the growth of these fibers and fully mimic the func-
tion of the periodontal ligament and a natural tooth.

Historically, implant interactions occurred through fibrous 
connective tissue, and this was accepted as a measure of suc-
cessful implant function (the pseudoligament concept). This 
type of interaction was reported to be very susceptible to 
acute or chronic inflammatory responses, which were accom-
panied by pain and eventual loss of the implant. Such an 
implant has also been called a pseudoperiodontium. Despite 
numerous reports of implant success, clinical studies indicate 
that this type of interaction is susceptible to a greater amount 
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strength of this contact has been shown to be stable, which is 
advantageous compared with the soft tissue interface 
described previously.

This type of osseous interface has been described exten-
sively and includes a process wherein bone-producing cells 
migrate along the implant surface through the connective 
tissue scaffolding that forms adjacent to the implant surface. 
Integration at the implant interface is highly dependent on 
the implant surface’s chemistry and design. Bone apposition 
has been reported at higher rates when microscopic surface 
ridges are present. Osseous integration has also been achieved 
through the use of bioactive materials that stimulate the for-
mation of bone along the surface of the implant. Another way 
of achieving osseous integration involves de novo bone for-
mation, wherein a mineralized interfacial matrix and/or 
active growth factors are deposited along the implant’s surface. 
Once again, the implant’s surface topography influences the 
strength of its attachment to bone.

TABLE 20-1	 Mechanical Properties and Density of Metallic and Ceramic Implant Materials

Material
Grade or 
Condition

Yield Strength 
(MPa) Elongation (%)

Modulus of 
Elasticity (GPa)

Tensile 
Strength (MPa) Density (g/cm3)

CP titanium 1 170 24 102 240 4.5

2 275 20 102 345 4.5

3 380 18 102 450 4.5

4 483 15 104 550 4.5

Ti-6AI-4 V 860 10 113 930 4.4

Ti-6AI-4 V ELI 795 10 113 860 4.4

Co-Cr-Mo Cast 450 8 240 700 8.0

Stainless steel Annealed 190 40 200 490 8.0

Cold-worked 690 12 200 860 8.0

Aluminum oxide Polycrystalline 400* (500/flexure) 0.1 380 220 3.96

Zirconium oxide Y2O3 (stabilized) 1200 (flexure) 0.1 200 350 6.0

Cortical bone N/A 1 18 140 0.7

Dentin N/A 0 18.3 52 2.2

Enamel N/A 0 84 10 3.0

*ASTM standard: minimum values.

FIGURE 20-7  Collection of different designs and materials used for 
endosseous implants. 

CRITICAL QUESTION
What is the implication of having direct bone contact and  
the absence of a periodontal ligament on the prosthetic 
superstructure?

?

Implant-supported restorations differ from tooth-sup-
ported restorations in that the former lack a periodontal  
ligament, which reduces shear stress and strain, provides 
shock absorption, and reduces the development of danger-
ously high occlusal forces. These benefits of the periodontal 
ligament reduce the potential for inadvertent damage to the 
tooth or restoration. With the increased popularity of all-
ceramic restorations, the effect of no periodontal ligament 
attachment in implant-supported restorations must be 

FIGURE 20-6  Collection of endosteal implants for partial arch 
restorations. 
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particularly important for single-unit restorations. The last 
part of an implant is the prosthesis. This can be attached to 
the abutments through the use of screws, cement, precision 
attachments, magnets, or other designs, such as those used 
for removable implant overdentures.

Placement and restoration of implants intended to inte-
grate with bone are usually performed in stages. The first 
stage involves the surgical part, where the implant is placed 
into the bone. The implant is left within the bone (passive) 
for a period of months, depending on the bone quality, and 
allowed to heal and become integrated. A secondary surgery 
is sometimes required whereby the implant is uncovered and 
exposed through the oral environment using a healing cap, 
which is placed to ensure proper healing of soft tissue around 
the site of the future abutment. The restorative phase then 
follows the placement of abutments and a crown, a partial 
denture, or a removable denture, with or without a bar con-
struct. Some implant systems utilize only one surgical inter-
vention, where the implant is immediately placed in contact 
with the oral environment and is sometimes able to function 
in a limited way within days. Some of these systems have even 
been advocated for immediate functional loading, with 
reports of relative success.

established. Ceramic materials are brittle by nature and 
because of inherent processing flaws, they cannot withstand 
any stress above their yield point, which is equivalent to their 
tensile strength. These stresses can be generated during occlu-
sal loading. Implants, on the other hand, are directly anchored 
to the bone and cannot readily flex laterally under extremely 
high occlusal loads to relieve some of the excessive loading. 
Based on an in vitro study, Vult von Steyern et al. (2005) 
analyzed the fracture strength of all-ceramic prostheses on 
abutment teeth and implants. They concluded that implant-
supported ceramic prostheses fractured at higher loads than 
those supported by natural teeth because of the lack of a 
periodontal ligament. To date, there are no clinical studies 
comparing the performance of ceramic FDPs supported by 
implants and natural teeth.

Conversely, studies have analyzed whether the type of 
prosthetic material can affect the longevity of an implant. 
Brånemark and Skalak advocated the use of acrylic for  
the prosthetic superstructure to act as a shock absorber and 
essentially dissipate the load on the implants and the bone 
surrounding them. To date, acrylic, gold, and ceramic are 
being used in implant superstructures. In the absence of a 
periodontal ligament, minimizing the load along the bone-
implant interface is logical. However, there is no evidence to 
associate the use of any prosthetic material with the longevity 
and survival of the implants.

CRITICAL QUESTION
What is the purpose of pretreating implant surfaces?

?

IMPLANT COMPONENTS

To understand the material characteristics and function of an 
implant, one must first be knowledgeable about its numerous 
component parts. Although each implant system varies, the 
parts are basically consistent. The body of the implant (called 
a fixture for the Brånemark system) (Figure 20-8, A) is the 
implant component that engages with bone. Depending on 
the implant system, the body section can have different 
surfaces—threading, grooved, perforated, plasma-sprayed, or 
coated. These characteristics are often classified as subtrac-
tion (acid etch) or addition (coating) types. Each surface type 
is meant to serve a particular purpose—for example, increased 
surface area enhances bone integration, and better cortex 
engagement plays an important role in immediate and long-
term bone anchorage. The coated or plasma-sprayed bioma-
terials, discussed later in this chapter, are used to enhance 
attachment to bone. The second component (Figure 20-8, B) 
is the transmucosal abutment, which provides the connection 
between the implant body and the intraoral prosthesis to be 
fabricated (Figure 20-8, C), which will provide intraoral func-
tion. The abutment is usually connected to the implant body 
by means of a screw; however, it can also be cemented or 
connected by a Morse taper-type design. Abutments can 
become engaged to the implant body either by an internal or 
external geometry (initially a hexagon) within the implant 
body, which also serves as an antirotation device and is 

FIGURE 20-8  Diagram of implant components. A, The implant fixture 
(endosteal root form). B, Transmucosal abutment serving as the attach-
ment between fixture and the actual prosthesis. C, The actual prosthe-
sis, which can either be cemented, screwed, or swaged. 
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CRITICAL QUESTIONS
When can an implant restoration be considered successful? What 
criteria are used to determine this success? What clinical situations 
can affect the success rate of dental implants?

?

EVALUATION OF CLINICAL SUCCESS

There have been several long-standing debates about what is 
considered successful in implant dentistry. Some consider 
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most commonly associated with poor surgical techniques or 
inability to achieve primary stability.

Brånemark and Albrektsson reported strict protocols 
required to achieve proper osseointegration. These include 
following proper aseptic techniques and allowing the bone to 
heal around the implant for a period of 4 to 6 months. The 
healing process allows the bone to be generated around the 
implant free from bacteria and micromovements, which can 
disrupt bone deposition around the implant. Micromove-
ments above 150 µm have been shown to encourage soft 
tissue deposition and eventual encapsulation of the implant 
body with fibrous tissue. This occurrence is classified as a 
failure of osseointegration. Allowing the bone surrounding 
the implant to heal necessitates a two-step surgical technique 
in implant placement. Stage 1 occurs when the implant is 
surgically placed into the bone. A flap is reflected and the 
implant is screwed into the bone (Figure 20-9). The soft tissue 
is placed over the implant body to allow healing of the bone 
to occur. Stage 2 or the uncovering stage occurs when the soft 
tissue is removed to expose the implant to the oral cavity 
(Figure 20-10). This exposure is performed 4 to 6 months 
after implant placement and after proper bone healing has 
occurred.

In 1990 Schnitman et al. reported on the success of imme-
diate loading of dental implants. This technique eliminates 
the need for a second surgery and allows the implant to be 
used immediately to support a temporary or permanent  
prosthesis (Figure 20-11). There are mixed results regarding 
the success rates between immediately loaded and conven-
tionally loaded implants. While the success rates vary, there 

that the encapsulation of an implant with a pseudoperiodon-
tium is a successful implant condition. The most frequently 
cited success criteria from the 1970s are those in the publi
cation edited by Schnitman and Schulman (1979). More 
recently, summaries from Cochran and Fritz (1996) and 
Albrektsson et al. (1986 and 1991) are often cited. Proposed 
early requirements included (1) implant mobility less than 
1 mm when tested clinically; (2) no evidence of x-ray radio-
lucency; (3) bone loss less than one third the height of the 
implants; (4) absence of infection, damage to structures, and 
violation of body cavities—inflammation, if present, must be 
amenable to treatment; and (5) a success rate of 75% or more 
after 5 years of functional service using objective criteria for 
evaluation. As an example, these conditions were somewhat 
different from the criteria of Albrektsson et al. (1986), which 
included the following: (1) the implant must be immobile 
when tested clinically; (2) there must be no evidence of peri-
apical x-ray radiolucency; (3) vertical bone loss should be less 
than 0.2 mm annually following the implant’s first year;  
(4) absence of signs and symptoms such as pain, infections, 
neuropathies, paresthesias, or violation of the mandibular 
canal; and (5) a success rate of 85% or more at the end of a 
5-year observation period and 80% at the end of a 10-year 
period when evaluated by objective criteria for success.

Smith and Zarb (1989) recommended an addition to 
Albrektsson’s criteria by stating that the patient’s and dentist’s 
satisfaction should be the primary consideration and that 
esthetic conditions should be met. Patient satisfaction and 
patient attitude toward the prosthesis have been included in 
some subsequent lists of criteria for success. Although these 
criteria have become more stringent in recent years, success 
in implant dentistry is still difficult to quantify.

In 2008, the International Congress of Oral Implantolo-
gists arrived at a consensus for rating implant success, sur-
vival, and failure. The scale ranges from 1 to 4, with 1 being 
deemed successful and optimal health and 4 as clinical failure. 
The consenus evaluates the presence of pain or tenderness, 
mobility, bone loss, and exudate history (Table 20-2).

Standardized criteria for success should continue to evolve 
to enable proper evaluation of implant dentistry as the 
systems and treatments change over time.

From Misch CE et al: Implant success survival and Failure: International Congress of 
oral Implantologists, Pisa, Italy, Consensus Conference, Implant Dentistry 17(1):5–
15, 2008.

TABLE 20-2	 International Congress of Oral 
Implantologists Health Scale for Rating 
the Success or Failure of Dental Implants

Quality Scale Clinical Condition

I. Success a)	 No pain or tenderness at function
b)	 0 mobility
c)	 <2-mm bone loss
d)	 No exudate history

II. Satisfactory a)	 No pain or tenderness at function
b)	 0 mobility
c)	 2–4-mm bone loss
d)	 No exudate history

III. Compromised a)	 May have pain or tenderness at function
b)	 0 mobility
c)	 >4-mm bone loss and < 1

2  implant length
d)	 No exudate history

IV. Failure a)	 Pain or tenderness at function
b)	 Mobility
c)	 Bone loss > 1

2  implant length
d)	 Uncontrolled exudates
e)	 No longer in the mouth

CRITICAL QUESTION
What is the primary mechanism of failure involved with dental 
implants?

?

LONGEVITY OF DENTAL IMPLANTS

The popularity of dental implants to restore full or partial 
edentulism has been the result of predictable outcomes with 
high success rates. Success rates of 96% to 98% are reported 
for mandibular implants and 94% to 96% for maxillary 
implants, depending on the quality of bone, surgical tech-
nique, and primary implant stability. Implant failure can 
occur at an early stage or a late stage. Early-stage failures 
occur prior to loading or placement of the prosthesis and are 
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important in achieving proper osseointegration. The problem 
with immediately loading implants is that micromovement 
can occur and jeopardize the bone formation around the 
implant body. However, research has shown that there is a 
range of allowable micromovement from 30 to 150 µm, where 

FIGURE 20-9  Stage 1 surgery for implant dentistry involves placing the implant in bone. A, Several drills 
are needed to accommodate the size of the implant in bone. B, Osteotomies must be double checked for 
parallelism and proper positioning. Multiple implants being placed must be verified with placement pins. 
(Part A ©2012 Zimmer Dental Inc., all rights reserved. Part B From Garg AK: Implant Dentistry, ed 2, 
St. Louis, Mosby, 2010.)
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is consensus that immediate loading constitutes a more 
technique-sensitive process and patient-selective endeavor. 
Researchers conclude that if these guidelines are followed, the 
success rates for immediately loaded implants are more favor-
able. As with conventional implants, primary stability is 
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FIGURE 20-10  Stage 2 surgical technique where implants are exposed to the oral cavity after proper 
bone healing has occurred. Uncovering can be done by several methods. A, Technique using standard 
incision. B, Stage 2 technique utilizing laser surgery. (Part A ©2012 Zimmer Dental Inc., all rights reserved. 
Part B From Garg AK: Implant Dentistry, ed 2, St. Louis, Mosby, 2010.)
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bone deposition is not hindered. The advantages of immedi-
ate loading are shorter treatment times, which lead to greater 
patient convenience and comfort by reducing the number of 
surgeries and allowing the immediate placement of a 
prosthesis.

Late-stage failures occur after loading or placement of a 
prosthesis and can be the result of complications stemming 
from uncontrolled periodontal disease or overloading of the 

implant. Overloading can be due to lateral or oblique forces 
exerted on the prosthesis from improper occlusal loading or 
parafunctional habits. Bone is susceptible to microfractures 
or fatigue fractures, depending on the type and amount of 
occlusal load being exerted. Once the bone reaches the toler-
ance limit for the occlusal loads, these fractures can occur and 
can lead to implant failure. Excessive bone deformation has 
been shown to occur between 2000 and 3000 microstrain 
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A delicate balance must be achieved in load transfer from 
implant to bone to maintain proper bone health. Excessive 
occlusal forces lead to overloading of the bone surrounding 
the implant, which can, in turn, lead to bone resorption and 
microfracture. Conversely, minimal load transfer to bone can 
lead to bone atrophy from disuse. Rough surfaces along the 
implant are typically conducive to transferring more load to 
the bone due to the increased surface area contact. This 
reduction in localized stress decreases the strain around the 

FIGURE 20-11  Immediate placement of dental implants. A, Frac-
tured maxillary central incisor seen radiographically. B, Central inci-
sior extracted. C, Implant placed immediately after extraction. 
D, Temporary abutment placed for temporary crown. E, Final restora-
tion completed. (From Garg AK: Implant Dentistry, ed 2, St. Louis, 
Mosby, 2010.)
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units, and pathological overloading can be seen at over 4000 
microstrain units (a microstrain unit equals the strain that 
produces a deformation of one part per million).

CRITICAL QUESTION
Which factors in the implant and prosthesis design affect the load 
transfer to bone?

?
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ions. Another surface modification for the implant is ion 
implantation, which consists of bombarding the surface of 
the implant with high-energy ions up to a surface depth  
of a few micrometers. This procedure has been claimed to 
increase the corrosion resistance of the metal through the 
formation of a titanium nitride TiN surface layer if the ion is 
nitrogen.

The most popular implant biomaterials in use today are 
titanium, titanium alloy, and calcium-phosphate–coated 
materials. One result of the current extensive research focus 
is that titanium has become one of the most popular implant 
biomaterials. Titanium exists in nature as a pure element with 
an atomic number of 22. With an atomic weight of 47.9, tita-
nium makes up about 0.6% of the earth’s crust and is a million 
times more abundant than gold. This metal exists as rutile 
(TiO2) or ilmenite (FeTiO3) compounds and requires specific 
extraction methods to be recovered in its elemental state. The 
Kroll process involves reduction of TiCl4 by magnesium, 
whereas the iodide process involves formation of titanium 
iodide through the reaction of titanium with iodine. The tita-
nium iodide is later decomposed on a heated titanium wire. 
Titanium has several favorable physical properties, which 
include low density of 4.5 g/cm3 and a relatively high flexure 
strength comparable to that of cast forms of cobalt and stain-
less steel alloys. Titanium is also very resistant to corrosion; 
as a result of this property, it can be passivated by a thin layer 
of titanium oxide, which is formed instantly on its surface. 
This metal has the ability to form an oxide layer of nanometer 
thickness within a millisecond, and this oxide reforms if lost 
because of mechanical removal. If left unchecked, this oxide 
layer can become thicker over time. Pure titanium has the 
ability to form several oxides, including TiO, TiO2, and Ti2O3. 
Of these, TiO2 is considered the most stable and is found after 
exposure to physiological conditions.

The most commonly used titanium products are grades 1 
to 4 of unalloyed Ti. Titanium alloys, namely, Ti-6Al-4 V and 
Ti-6Al-7Nb, are used in extralow interstitial (ELI) grades. The 
ELI contains low levels of oxygen dissolved in interstitial sites 
in the metal. Lower amounts of oxygen and iron improve the 
ductility of the ELI titanium alloy, which can be alloyed with 
different elements to modify its properties. For example, tita-
nium undergoes a transformation from a hexagonal-close-
packed alpha phase to a body-centered-cubic beta phase at 
883 °C. Alloying elements can be added to stabilize either 
phase. Ti-6Al-4 V is one of the titanium alloys more com-
monly used in the United States. Aluminum acts as an alpha 
stabilizer for the purpose of increasing strength and decreas-
ing density. Vanadium is a beta-phase stabilizer, which is used 
to minimize the formation of TiAl3 to approximately 6% or 
less and to decrease the alloy’s susceptibility to corrosion. 
With the exception of pure titanium, the modulus of elasticity 
of Ti-6Al-4 V is closer to that of bone than that of any other 
widely used metallic implant biomaterial. Newer titanium 
alloys have been developed, including Ti-13Nb-13Zr and 
Ti-15Mo-2.8Nb. These alloys utilize other phase stabilizers 
instead of aluminum and vanadium, and they may exhibit 
greater strength and corrosion resistance.

implants. On the other hand, smooth-surfaced implants have 
the opposite effect, as evidenced by resorption along the mar-
ginal areas, where there is a smooth transition from the 
implant to bone.

The type of prosthesis used can also have an effect on how 
the forces are transferred along the implants. Prosthesis 
design should minimize long cantilever arms so as to avoid 
offset loads or high bending moments on the implants. Lateral 
forces are not tolerated as well as direct axial loading. Cement-
retained prostheses have been found to be more favorable in 
maintaining proper axial loading as opposed to screw-
retained restorations. The absence of a screw hole allows 
proper occlusal design for the prosthesis to adequately direct 
loading to the implant. Conversely, the presence of a screw 
hole will redirect occlusal forces and introduce bending 
moments to the implant.

CRITICAL QUESTION
Which biomaterial is best for certain types of implants?

?

IMPLANT BIOMATERIALS

Today, implant materials are subjected to significant scientific 
scrutiny, which includes regulatory approval of implant 
devices used in vivo. The most commonly used implant mate-
rials are made from metallic biomaterials. Implants also differ 
in the nature of their surface condition. Some implants are 
machined and finished; others are coated with different types 
of biomaterials. Of the four types of implants, endosteal 
implants are the most commonly used for dental applications. 
Thus, the nature of the biomaterials used for these devices is 
a central focus of the following discussion.

METALLIC IMPLANTS

Metallic implants undergo one or more of several surface 
treatments prior to final packaging for implantation. Some of 
these modifications include passivation, anodization, ion 
implantation, and texturing by several different methods. 
Passivation refers to the enhancement of the oxide layer to 
minimize the release of metallic ions as a result of surface 
transfers. The minimization of ion release contributes to the 
biocompatibility of these materials. Passivation treatments 
can be performed through immersion in 40% nitric acid or 
anodization, a process by which an electrical current is passed 
through the implant when it is placed in a specialized solu-
tion. The former method of treatment minimally increases 
the thickness of the oxide layer, whereas the latter treatment 
can result in a thicker oxide layer, which has been shown to 
be beneficial in enhancing corrosion resistance. Surface tex-
turing increases the surface area of the implant and enhances 
tissue interactions by increasing the area through which 
stresses are transferred to bone. This is accomplished by 
several methods, including plasma spraying with titanium, 
acid etching, and blasting with aluminum oxide or another 
ceramic or ceramic-like material. It is important that the 
increased implant surface area remain passive, because a 
greater surface area influences the overall release of metallic 
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subperiosteal designs. In an attempt to improve implant per-
formance, inert biomaterials in the form of aluminum oxide 
and other ceramics were deposited on alloy surfaces. Alumi-
num oxide and zirconium oxide coated on cobalt alloys were 
found to have no effect on improving biological acceptability 
of the implants evaluated. Co-Cr-Mo alloys have a high elastic 
modulus and resistance to corrosion. The additions of ceramic 
coatings such as calcium phosphate did not significantly alter 
the bulk portions of the alloy. Studies of cobalt alloys have 
shown that their lower ductility is a result of the agglomera-
tion of compounds rich in carbon, chromium, and molybde-
num. Also, studies have shown that ductility is improved by 
reducing the carbon content and controlling the processing 
of the alloy. Co-Cr-Mo and stainless steel alloy continue to  
be used for some implants, such as subperiosteal and transos-
teal implants and ramus frames, because of their castability, 
mechanical properties, and lower cost.

CERAMIC AND CERAMIC-LIKE COATED  
IMPLANT SYSTEMS

Several synthetic and biological materials have been used 
specifically for the treatment of bone defects, ridge augmenta-
tion, and osteoporotic lesions. These biomaterials are also 
used to coat metallic implants to produce ceramic-like sur-
faces, which can be more thermodynamically stable, hydro-
philic, and nonconductive of heat and electricity, thereby 
producing a high-strength integration with bone and the  
surrounding tissues. These ceramics can either be plasma-
sprayed or coated onto the metallic implant to produce a 
bioactive surface. The term bioactive refers to a variety of 
inorganic biomaterials that can enhance integration with 
bone. These are generally brittle and may have high elastic 
moduli and low tensile strengths.

Ceramic implants can withstand only relatively low tensile 
or shear stresses induced by occlusal loads, but they can toler-
ate quite high levels of compressive stress. Aluminum oxide 
(Al2O3) is used as a standard biomaterial for ceramic implants 
because of its inertness (biostability), with no evidence of 
adverse in vivo reactions. Zirconia (ZrO2) has also demon-
strated a high degree of inertness, although alumina (Al2O3) 
has shown a higher surface wettability compared with other 
surfaces, such as those of metallic implants. These types of 
ceramic implants are not bioactive in that they do not promote 
the formation of bone. They have high strength, stiffness, and 

As listed above, commercially pure (CP) Ti comes in dif-
ferent grades, from CP grades I to IV. The compositions of 
these metals in weight percentage are given in Table 20-3. The 
strength of CPTi is less than that of Ti-6Al-4V alloy, although 
the modulus of elasticity values are comparable. The elastic 
modulus of a typical Ti alloy (113 GPa) (see Table 20-1) is 
only slightly higher than that for the CP grade IV Ti (102 GPa). 
The yield strength of Ti-6Al-4V ELI and Ti-6Al-4V alloys 
(795 MPa and 860 MPa, respectively) is 65% to 78% greater 
than that for CPTi. Ti alloys are able to maintain the fine 
balance between sufficient strength to resist fracture under 
occlusal forces and to retain a lower modulus of elasticity for 
more uniform stress distributions across the bone-implant 
interface.

Another alloy used for surgical implants is stainless steel. 
Used in the form of surgical austenitic steel, these metals have 
18% chromium for corrosion resistance and 8% nickel to 
stabilize the austenitic structure. Stainless steel is most often 
used in the wrought and heat-treated state and possesses high 
strength and ductility. Despite its low cost and ease of fabrica-
tion, this alloy is not widely used in implant dentistry because 
of a potential allergic response to nickel as well as a suscep-
tibility to crevice and pitting corrosion. The corrosion prod-
ucts for stainless steel contain iron, chromium, nickel, and 
molybdenum. These elements or their ions can accumulate 
in the tissues surrounding the implant and subsequently be 
transported to different parts of the body to produce a poten-
tially unfavorable response. Surface treatments such as surface 
passivation and ion implantation are used to improve the 
corrosion resistance, although austenitic stainless steels are 
still prone to localized attack in long-term applications.

Cobalt-chromium-molybdenum cast alloys generally 
consist of 63% cobalt, 30% chromium, and 5% molybdenum 
with small amounts of carbon, manganese, and nickel. Molyb-
denum is a stabilizer; chromium provides the passivating 
effect to ensure corrosion resistance; and carbon serves as a 
hardener. Vitallium was introduced by Venable in the late 
1930s and is part of the Co-Cr-Mo alloy family. This metal 
was initially shown to lack electrochemical activity and any 
tissue reaction. Ticonium, a Ni-Cr-Mo-Be alloy, was also used 
as a dental implant material, although this alloy revealed 
some adverse issues related to corrosion and biocompatibility. 
In later studies, Vitallium was associated with chronic inflam-
mation and no osseous integration for several endosteal and 

TABLE 20-3	 Composition of CP Titanium and Alloys (Percent by Weight)*

Titanium N C H Fe O Al V Ti

CP grade I 0.03 0.08 0.015 0.20 0.18 — — Balance

CP grade II 0.03 0.08 0.015 0.30 0.25 — — Balance

CP grade III 0.05 0.08 0.015 0.30 0.35 — — Balance

CP grade IV 0.05 0.08 0.015 0.5 0.4 — — Balance

Ti-6Al-4 V alloy 0.05 0.08 0.015 0.3 0.2 5.50–6.75 3.50–4.50 Balance

Ti-6Al-4 V (ELI alloy) 0.05 0.08 0.012 0.25 0.13 5.50–6.50 3.50–4.50 Balance

*ASTM Standard: minimum values.
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The bioglasses (SiO2-CaO-Na2O-P2O5-MgO) are another 
form of bioactive ceramic biomaterials. These materials are 
known to form a carbonated hydroxyapatite layer in vivo as 
a result of their calcium and phosphorus content. The forma-
tion of this layer is initiated by the migration of calcium, 
phosphate, silica, and sodium ions into tissue as a result of 
external pH changes. A silica-rich gel layer forms on the 
surface as elements are released. The silicon depletion initi-
ates a migration of calcium and phosphate ions to the silica 
gel layer from both the bioglass surface and tissue fluids. This 
results in the formation of a calcium-phosphorus layer that 
stimulates osteoblasts to proliferate. These osteoblasts produce 
collagen fibrils that become incorporated into the calcium-
phosphorus layer and are later anchored by the calcium-
phosphorus crystals. This layer is 100 to 200 µm thick and 
has been shown to form a strong bone-bioglass interface. 
Bioglasses are classified as bioactive materials because they 
stimulate the formation of bone. They are more often used as 
grafting materials for ridge augmentation or bony defects 
than as coating materials for metallic implants because the 
interfacial bond strength of bioglasses with the metallic  
substitute and other ceramic substrates is weak and is  
subject to dissolution in vivo. Despite their favorable osteo-
inductive ability, bioglasses are also very brittle, which makes 
them unsuitable for use for some stress-bearing implant 
applications.

OTHER IMPLANT MATERIALS

Carbon and a carbon compound (C and SiC) were intro-
duced in the 1960s for use in dental implantology. Vitreous 
carbon, which elicits a very minimal response from host 
tissues, is one of the most biocompatible materials. Studies 
have confirmed that the morphology of the bone-implant 
interface is similar to that associated with an HA implant. 
Compared with the metallic implants, carbon is more inert 
under physiological conditions and has a modulus of elastic-
ity similar to that of dentin and bone. Thus, carbon deforms 
at a rate similar to those tissues, enhancing the transmission 
of biomechanical forces. However, carbon is susceptible to 
fracture under tensile and stress conditions because of its 
brittleness and its susceptibility to fracture under tensile 
stress in the presence of surface flaws, which is usually gener-
ated as a component of flexural loading. Carbon-based bio-
materials have also been used for ceramic-like coatings on 
metallic implants.

hardness and function very well for some designs of dental 
implants. Table 20-1 lists the mechanical properties of dif
ferent metallic biomaterials, including ceramic implant 
biomaterials.

Of the synthetic types of materials, calcium phosphates are 
the most successful for grafting and bone augmentation. This 
performance is probably associated with the fact that bone is 
composed of 60% to 70% calcium phosphate. These materials 
are nonimmunogenic and are biocompatible with host tissues. 
The two most commonly used calcium phosphates are 
hydroxyapatite (HA), or Ca10(PO4)6(OH)2, and tricalcium 
phosphate (TCP), Ca3(PO4)2. Hydroxyapatite and tricalcium 
phosphate are used as bone graft materials in granular or 
block form to serve as a template for the formation of new 
bone. Because these materials are known to promote and 
achieve a direct bond of the implant to hard tissues, they are 
classified as bioactive. Both also promote vertically directed 
bone growth as well as a relatively strong bond to bone.

Biointegration is defined in the seventh edition of the 
Glossary of Prosthodontic Terms as “the benign acceptance of 
a foreign object by living tissue.” More specifically, the bioin-
tegration of bone with an implanted material indicates the 
bond of bone to hydroxyapatite. HA, TCP, and other calcium 
phosphates are bioactive in part as a result of the release of 
calcium and phosphate ions within the surrounding tissue. 
Studies have revealed several differences in the tissue response 
to these materials following implantation. The beta form of 
TCP is resorbed more rapidly than HA and results in a break-
down of TCP. Some have reported a replacement of mesen-
chymal cells with features resembling osteoprogenitor cells. 
Studies have also shown that after 4 weeks of implantation, 
osteocytes accumulate adjacent to HA granules, indicating 
the possibility of osteogenesis with these implants. This is one 
of the justifications for using calcium phosphate compounds 
for coatings on implants placed into bone.

Use of these calcium phosphates as coating biomaterials 
for metallic implants is directly related to their physical and 
chemical properties. The more crystalline the HA coatings, 
the more resistant they are to clinical dissolution. A minimum 
of 50% crystalline HA is considered a preferable concentra-
tion for coatings. Implants coated with HA have shown a wide 
range of properties, from 85% crystalline HA and 15% TCP 
to 97% crystalline HA. Dissolution of the coating occurs at a 
higher rate with the more amorphous structural conditions. 
Heat treatment after the deposition process improves the 
crystallinity of HA. The major advantage of these ceramic-
like coatings is that they can stimulate the adaptation of bone 
and very often exhibit a more intimate bone-to-implant 
contact compared with a metallic surface. The amount of 
bone integration has been compared between metallic 
implants and ceramic-coated implants in numerous studies, 
which suggest that there is a greater bone-to-implant integra-
tion with the HA-coated implants. However, other studies 
indicate that there is no significant difference between the 
HA-coated and the uncoated implants after months of inte-
gration, which implies that early integration may be quite 
different.

CRITICAL QUESTION
What are the indications for the use of mini-implants in dental 
practice?

?

Mini-implants have been gaining wide popularity in recent 
years. More notably, their use in orthodontics for appliance 
anchorage has increased. Other uses include overdenture 
retention in areas where there is minimal bone available or 
in areas that are narrow. They can also be used to anchor 
temporary prostheses in the case of overdentures on an arch 
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The strength of an implant is often a consideration, 
depending on its area of placement. If the implant is located 
in a zone of higher force transfer (e.g., in the posterior area 
of the arch), the clinician might consider using a higher-
strength material such as grade IV CP titanium or one of the 
titanium alloys. Some controversy exists as to which titanium 
metal or alloy to use, because some researchers believe that 
aluminum and vanadium can be toxic if released in sufficient 
quantities. Other considerations for selection include a 
history of implant fracture in the placement area of interest, 
the use of narrower implants, and a history of occlusal or 
parafunctional habits. Anterior implants, which are desig-
nated for use in narrow spaces, have smaller diameters, in the 
range of 3.25 mm or less. Conversely, single implants placed 
in posterior areas have larger diameters, up to 7 or 8 mm. 
Selection of the implant biomaterial must also be evaluated 
in terms of the abutment and intraoral biomaterials and 
dental materials. Electrochemical studies of the corrosion of 
metallics now provide lists of acceptable and unacceptable 
combinations under conditions where parts touch one 
another and galvanic corrosion might exist. In general, the 
titanium and cobalt alloys are relatively stable and both have 
been combined electrochemically with the high noble dental 
alloys. Base metal and amalgam combinations are a concern.

with newly extracted teeth. These implants were initially used 
as temporary implants, which helped anchor the prosthesis 
while the larger-diameter implants were left alone to osseo-
integrate. They could then be removed once the final  
prosthesis was fabricated. Over time, the success of these 
mini-implants has led to their evolution as final restorations 
for compromised cases. The diameter of mini-implants ranges 
from 1.8 to 2.9 mm (Figure 20-12). Most mini-implants can 
be placed without having to reflect a flap in the gingival tissue 
because of their small diameter. Mini-implants are also 
designed for immediate loading, offering the convenience of 
few visits and allowing the patients to have teeth right away. 
Although these implants are essentially made from the same 
material as the larger standard implants and are constructed 
as root-form implants, the main difference lies in their smaller 
diameter. This smaller size allows placement of these implants 
in areas where standard implants would normally require a 
bone grafting procedure, which results in additional trauma 
and expense to patients. As the applications of mini-implants 
continue to grow, they are slowly being incorporated for use 
with fixed dental prostheses, adding additional support along 
the pontic areas.

FIGURE 20-12  Mini-implants used for orthodontic anchorage, showing 
2-mm diameter of the mini-implants as compared with the 4-mm  
diameter of standard implants. 

FIGURE 20-13  Four qualities of bone. 
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CRITICAL QUESTION
With the abundance of implant materials to choose from, how 
does a clinician know which biomaterial is best for a particular 
implant application?

?

SELECTING AN IMPLANT BIOMATERIAL

Because of the abundance of different implant biomaterials 
and implant systems, it is important to know the indications 
for their use. Perhaps the most important consideration is the 
strength of the implant biomaterial and the type of bone in 
which the implant will be placed. The other factors to con-
sider are the implant design, abutment choices, abutment 
availability, surface finish, and biomechanical considerations 
of restorative treatments.

CRITICAL QUESTION
How do implant characteristics and the quality and quantity of 
bone affect the survival time of implants?

?

As previously stated, the type of bone in which the implant 
will be placed is of critical importance. Bone for implantation 
has been classified into four types: type I consists of mostly 
homogeneous compact bone; type II consists of a thick layer 
of compact bone surrounding a core of dense trabecular 
bone; type III is a thin layer of cortical bone surrounding a 
core of dense trabecular bone; and type IV is composed of a 
thin layer of cortical bone with a core of low-density trabecu-
lar bone (Figure 20-13). Type IV bone is by far the most 
compromised bone environment for implant stability because 
of its inadequate quality and quantity.
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Another study compared the survival rates of titanium 
screw-type implants and HA-coated cylinders in type IV 
bone. At 36 months, Ti implants had a survival rate of 78% 
compared with 98% for HA implants. At 48 months, this 
survival rate fell to 75% for the metal implants. In a follow-up 
study, titanium screws exhibited a 91% 3-year survival rate 
and 89% for a 7-year period in type IV maxillary bone. These 
rates can be compared with a survival level of 95% for HA 
implants during a 7-year period. All of these studies indicate 
that HA-coated implants have a greater survival rate in type 
IV bone. Therefore, many recommend the use of HA-coated 
implants in areas of poor or less than ideal bone as sites for 
implant placement. The bone height available for implant 
placement is also a factor in considering which type of 
implant to use. A 5-year study revealed a 70% failure rate in 
bone for titanium screws with an implant length of 8 mm. 
HA-coated screws of the same length had only a 4% failure 
rate over this period. There was no significant difference in 
the failure rates between the two types of implants when the 
length of the screws was increased to 12 mm.

Another indication for HA-coated implants was their use 
in fresh extraction sites, owing to the initial stability afforded 
by these types of implants. Implant placement can sometimes 
be performed immediately after an extraction. Initial stability 
has been reported to be difficult to obtain in some of these 
cases, and this could lead to implant loss. A comparison of 
the survival rate of HA-coated implants, metallic implants, 
and hollow basket implants was made after 7 years of imme-
diate implant placement. Survival rates of 95%, 90%, and 82% 
were found, respectively. The implant-bone interface contact 
area was also shown to be 62% for HA-coated implants and 
29% for metallic implants after 28 days of placement.

Further advances in the field of dental surgery have 
allowed placement of implants in areas where bone was not 
normally present or had been lost. Maxillary and nasal sinus 
lifts are commonplace in partially dentate individuals who 
need an implant-based reconstruction. Bone grafts have 
enabled placement of a sinus lift in posterior areas where 
bone is deficient. Unfortunately, the quality of bone produced 
from these bone grafts is of lower quality, and an implant 
needs a substantial implant-bone contact area for function. 
Most of these implant sites oppose fully dentate arches,  
which normally exert a higher amount of masticatory force. 
Thus, initial stability, enhanced bone integration, and higher 
strength are important implant properties for these locations. 
Studies have revealed that HA-coated implants exhibited  
a push shear bond strength of 7 MPa versus 10 MPa for tita-
nium metallic implants after a period of 10 weeks. After 32 
weeks, HA-coated implants continued to have shear strengths 
five times greater than those of metallic surface implants.

Another study compared the torsional strength of com-
mercially pure titanium, Ti-6Al-4V, and HA-coated implants. 
Tensile strength for a period of up to 4 months ranged from 
74 Ncm for the uncoated implants to 186 Ncm (HA-coated 
implants). These torsion-resistance values reflect the rota-
tional shear resistance of the implant. Thus, HA-coated 
implant surfaces in this circumstance provided greater 

There has been much debate about when to use metallic 
or HA-coated implants. As mentioned earlier, HA-coated 
implants stimulate bone growth and have been shown to have 
a greater percentage of bone-to-implant integration. However, 
there are also some studies showing that HA is a very unstable 
implant material under some conditions (inflammation, 
infections, micromotion) and can prove detrimental to bone 
and tissues in the long term. As one example, Gottlander and 
Albrektsson (1991) examined the bone-to-implant contact 
area both at 6 weeks and 12 months for HA-coated and CPTi 
implants. They concluded that the bone-to-implant contact 
area at 6 weeks was 65% for HA and 59% for Ti. However, at 
12 months, Ti exhibited a 75% contact area versus 53% for 
HA. Some contend that the interactions of HA with bone are 
biologically unstable because of this interface exchange. As 
mentioned earlier, HA can also be subjected to dissolution, 
and higher crystallinity must be maintained to minimize this 
occurrence. Unfortunately some amount of amorphous bio-
material is often present during plasma spray processing of 
the coating, and this substance is susceptible to dissolution. 
The long-term stability of HA-coated implants is still very 
controversial. Although the bond between HA and bone is 
considered to be strong, the mechanical stability of the inter-
face between the coating and the metallic substrate may be 
unstable under some conditions.

Some studies have shown that the survival rate of 
HA-coated implants is initially higher than that for titanium 
plasma-sprayed implants, but in one study, the survival rate 
significantly decreased after 4 years. Failures were associated 
with inflammation of the surrounding tissues, with delamina-
tion and exfoliation of the implant. Some implants were 
retrieved before failure; these revealed partial loss of the HA 
coating, with flattening and thinning in some areas as well as 
an increase in local Cl and Mg ions. The implications of these 
factors relative to clinical implant failure remain unknown. 
Another concern is the adherence of microorganisms to  
the HA surface. A study of failed titanium and HA-coated 
implants revealed a colonization of coccoid and rod-shaped 
bacteria on HA implants, possibly as a result of the bioreactiv-
ity of HA. The roughened surface of the HA implants can also 
contribute to plaque growth, peri-implantitis, and dissolution 
once the coating is exposed. This can decrease the chance of 
long-term survival.

In spite of all its possible disadvantages, hydroxyapatite has 
multiple indications for implant applications. Studies report-
ing on the biological response to both the coated and uncoated 
implants suggest that HA-coated implants were interfaced 
intimately with bone and that the mineralized matrix extended 
into the microporosity of the HA coating. Numerous osteo-
cytes were found along the periphery of HA-coated implants, 
which indicates that these implants are a better option for 
areas of poor bone quality such as the maxilla. In one study, 
Brånemark-type titanium implants were evaluated in type IV 
bone and a survival rate of 63% was found for mandibular 
implants and 56% for maxillary implants. These values are 
lower than the survival rates of 90% or more when these 
implants were placed in type I and II bone.
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implant-tissue interface. These reports emphasize the impor-
tance of process controls and a high degree of standardization 
and surface cleanliness in the production of implants.

implant-bone interface area, higher shear tolerance, and 
higher torsional strengths in areas where a sinus lift proce-
dure had been conducted.

A meta-analytic review was reported on the overall per-
formance of coated and uncoated implants. It suggests that 
the survival rates are similar for both and that the HA coating 
did not compromise the long-term survival of these implants. 
Indications from reviews supporting the selection of 
HA-coated implants over titanium- or metal-surfaced 
implants include (1) the need for greater bone-implant inter-
face contact area, (2) the ability to place the implant in type 
IV bone, (3) fresh extraction sites, and (4) newly grafted sites. 
It has also been shown that the advantages of HA-coated 
implants are mainly short term in nature and are related to 
the initial stability of the implant, which most often deter-
mines its prerestorative success or failure.

CRITICAL QUESTION
Several types of biocompatibility test data may be useful in select-
ing an appropriate implant. What is the principal factor on the 
basis of which an implant material should be selected as suitable 
or unsuitable for osseointegration?

?

BIOCOMPATIBILITY OF IMPLANTS

The concept of biomaterial biocompatibility does not refer to 
total inertness but rather to the ability of a material to perform 
with an appropriate response in a specific application. Bio-
compatibility is affected by the intrinsic nature of the material 
as well as its design and construction. Therefore the state of 
biocompatibility may be specific to a particular situation or 
function. The American Dental Association outlines some 
acceptance guidelines for dental implants, including the fol-
lowing: (1) evaluation of physical properties that ensure suf-
ficient strength; (2) demonstration of ease of fabrication and 
sterilization potential without material degradation; (3) safety 
and biocompatibility evaluation, including cytotoxicity 
testing, and tissue interface characteristics; (4) freedom from 
defects; and (5) at least two independent longitudinal pro-
spective clinical studies demonstrating efficacy.

The primary surface interactions between an implant 
material and its host take place at the surface of the implant 
within a region of approximately the size of one water mol-
ecule (about 0.1 to 1.0 mm). However, this does not mean 
that the implant-tissue interactions are isolated to this inter-
face. Some studies have reported high titanium levels in both 
the spleen and lungs of rabbits immediately following surgery, 
but these concentrations were well within normal limits. In 
humans, Ti levels have been reported at 50 ppm, but they can 
reach levels of up to 200 ppm in tissues surrounding some 
titanium implants. At this level tissue discoloration may  
be visible, but it is still well tolerated by the body. Kasemo 
and Lausmaa (1991) demonstrated the dissolution of 
corrosion products into the bioliquid and adjacent tissues. 
Thus the outermost atomic layers of an implant are critical 
regions associated with biochemical interactions of the 

CRITICAL QUESTION
What are the important considerations for intraoral prosthesis 
design and material?

?

BIOMECHANICS

The integration of bone with implants serves as the basis for 
the biomechanical analyses performed for dental implants. 
Close approximation of bone-integrated conditions with the 
surface of an implant permits the transfer of forces and site-
specific stresses with elastic displacement of the bone and 
implant. The stresses that are generated are highly affected by 
four main considerations: (1) masticatory factors (frequency, 
bite force, and mandibular movements); (2) support for  
the prosthesis (implant-supported, implant-tissue-supported, 
implant-tooth-supported; (3) the mechanical properties of 
the materials involved in the implant restoration (elastic 
modulus, ductility, fracture strength, etc.); and (4) the design 
of the implant body and the associated intraoral prostheses. 
One of the most important variables affecting the close appo-
sition of bone to the implant surface is the relative movement, 
or micromotion. It has long been documented that move-
ment shortly after implantation prevents the formation of 
bone and encourages the formation of fibrous connective 
tissue around the implant surface. This collagen-rich connec-
tive tissue is known to be of lower modulus and strength and 
function is likely to change over time. This is the reason that 
a delay of months for intraoral restoration has been recom-
mended before loading after surgery. As mentioned previ-
ously, success has been reported with immediate loading of 
implants depending on bone quality, patient selection, and 
short-term controls of intraoral function. The key issue is 
control of implant-to-tissue micromotion during the initial 
healing of bone.

Numerous studies have defined the relationships for the 
response of bone to the types of biomechanical stresses and 
strains and their magnitudes. The results have been summa-
rized as the “frost paradigm,” where microstrain magnitudes 
are correlated with bone conditions of disuse atrophy (less 
than 500 µε), normal function (500 to 1500 µε), and micro-
trauma (more than 500 µε). This concept is depicted sche-
matically in Figure 20-14. This paradigm affords opportunities 
to evaluate implant and construct designs on a relative basis 
using finite element models and analyses (FEM/FEA). Once 
again, this literature is well developed.

Two main types of loading conditions can occur at an 
implant site. These are represented by axial forces and bending 
moments caused by noncentric loading conditions. A bending 
moment can best be demonstrated by visualizing a cantilever 
beam design in which the maximum bending moment is 
located at the fixed base of support and is calculated as force 
(perpendicular to the beam) times the length of the lever arm. 
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of restoration usually involves four to six implants confined 
to the area between the mental foramen of the mandible, with 
cantilevers extending from the most distal implant. These 
were restored with acrylic resin and denture teeth, which 
were attached to a metallic superstructure by the use of 
several types of attachment methods. The most significant 
aspect of these studies is the optimal ratio of the cantilever 
length to the interfixture distance.

When two or more implants are placed in a straight line, 
the bending moment will be distributed proportionately to 
the implants provided that the intraoral prosthesis is designed 
to be sufficiently rigid. Placement of the implants in an offset 
manner has been suggested for more favorable positioning 
because it redistributes the implant loading. However, some 
recent studies have shown that tripodization of implants does 
not necessarily minimize stresses as much as the use of wider-
diameter implants placed in a straight line. An increase in the 
anteroposterior placement of implants is also recommended 
to minimize the off-axis loading of the implant components. 
The load is greatest at the most distal implant when an ante-
riorly positioned cantilever prosthesis exists. Thus, the dis-
tance between the most terminal abutment and the one 
adjacent to it should be increased to reduce the stress and 
stain induced within the most distal abutment.

These bending moments become highly significant depend-
ing on the type and design of implant restoration planned.

Rangert (1989), Skalak (1983), and Brunski (1988) ana-
lyzed the theoretical effects of cantilever length, number of 
implants, arrangement of implants, and prosthesis design. 
Their models were based on the initial Brånemark hybrid 
prosthesis for the atrophic mandible (Figure 20-15). This type 

FIGURE 20-14  Schematic diagram of Frost paradigm. 
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however, they should be approached with caution. Bone  
formation or resorption is determined by the tension or  
compression within the periodontal ligament. A concern 
associated with attachment of an implant to a natural tooth 
is that the mobility of the tooth might minimize its load-
sharing ability and overload the implant, understimulate the 
tooth, or cause a breakdown of the intraoral prosthesis. 
Several devices, such as the IMZ intramobile element, have 
been developed to allow the implant to accommodate the 
movement of the periodontal ligament. In any event, studies 
will continue to elucidate the effects of implant and natural 
tooth attachment on the probability of success. The results 
from most of the previous studies suggest that the attachment 
of natural teeth to implants does not compromise the prog-
nosis of the prosthesis. Because these studies also confirm the 
overall excellent success rates of implant-supported prosthe-
ses, it is still recommended that this be the first approach for 
treatment.

SUMMARY

The implant systems currently available are diverse. In 2011 
there were hundreds of companies manufacturing many dif-
ferent systems. The implant biomaterials for the most part 
range from commercially pure titanium and titanium alloys 
to HA-coated devices. Manufacturers have developed indi-
vidualized designs for their implants, which are now mostly 
root forms, and they are continually altering marketing strat-
egies to highlight the features of each. Although most of  
the implant materials described in this chapter are believed 
to be biocompatible, the precise bone-bonding mechanisms 
are not fully characterized on a molecular level. When the 
mechanisms that ensure implant bioacceptance and struc-
tural stabilization are more fully understood, implant failures 
will become even rarer provided that they are used properly 
and placed in sites for which they are indicated.

Another important factor to consider is the fit of the pros-
thesis on the implant. An inaccurate fit will lead to a nonuni-
form distribution of load, with the unit closest to the load 
bearing most of the forces. For well-integrated implants, the 
weakest link in the early systems of Brånemark was the gold 
or abutment screw, which is regarded as the safety feature  
for these restorations. The external loads were transferred 
through the gold screw if an inaccurate fit or overload existed, 
and the screw would deform and fracture. These screws were 
fairly retrievable and were easy to replace. The ultimate tensile 
strength of the gold screw was designed to function within 
the normal ranges of occlusal force in the molar region.

Some guidelines include computing the anteroposterior 
span of all the implants and allowing a distance of 1.5 times 
any cantilever distance while limiting the maxilla to a maximal 
cantilever of 8 mm because of the limitations of bone quality. 
Any cantilever length over 7 mm causes a significant increase 
in microstrain within both the framework and bone. There-
fore, for any length over 7 mm, ideal functional conditions 
should be considered, or the decision to proceed under less 
ideal conditions should be approached with extreme caution.

Another area of debate is the attachment of implants to 
natural teeth. The consensus seems to be that attaching 
implant intraoral prostheses to natural teeth should be limited 
and that having lone implants is a better restorative option. 
However, in cases utilizing natural teeth in the restoration 
(e.g., when a low maxillary sinus position is present), there is 
disagreement as to whether or not this decreases the survival 
probability of the entire restoration. This issue stems from the 
different nature of attachments to bone between the implant 
and the tooth. The implant is integrated with bone (rigid), 
meaning that it has a direct connection with bone. On the 
other hand, a tooth is attached to bone through the periodon-
tal ligament, which provides sensory functions to the tooth 
and also deforms in response to masticatory loads. Numerous 
reports have focused on these types of reconstructions; 
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CHAPTER 

21
Emerging Technologies

OUTLINE

Biomaterials

Biological Materials

Instruments and Processes

Environmental Considerations

KEY TERMS

Bioactive—Having an effect on or eliciting a response from living tissue, organism, or cell, such as 
inducing the formation of hydroxyapatite.

Bioinductive—Capable of inducing a response in a biological system.
Biomaterial—Any matter, surface, or construct that interacts with biological systems.
Biomimetics—Study of the formation, structure, or function of biologically produced substances and 

materials (such as silk or conch shells) and biological mechanisms and processes (such as protein 
synthesis or mineralization) for the purpose of synthesizing similar products by artificial mecha-
nisms that mimic natural structures.

CAD-CAM—The term CAD refers to computer-aided design technology, which is based on the use of 
computer software and systems to assist in the creation, modification, analysis, and optimization of 
two-dimensional or three-dimensional models of objects. Any computer program that embodies com-
puter graphics and an application program that facilitates engineering functions in the design process 
can be classified as CAD software. The term CAM refers to computer-aided manufacturing of a restor-
ative device using the CAD input file. CAM may be additive (buildup) or subtractive (machining of a 
device from a larger starting piece of material).

Chondrogenesis—The development of cartilage.
Cytology—The harvesting of disaggregated cells and related microscopic material for analysis of 

disease.
Haptics—Technology that is based on the sense of touch to facilitate computer interactions and 

control of virtual objects such as the remote control of devices.
Matrix metalloproteinase (MMP)—Any member of a family of at least 19 structurally related zinc-

dependent neutral endopeptidases collectively capable of degrading essentially all components of 
the extracellular matrix.

Nano—The prefix nano refers to one billionth or 10−9 of a specific unit. A nanometer (nm) is one 
billionth of a meter (10–9 meter) or one thousandth of a micron (10−3 µm).

Nanotechnology—The branch of technology that focuses on the atomic and molecular scale (1 to 
100 nm) of matter, including materials, devices, and other structures. On this scale, in which at least 
one dimension must be below 100 nm, quantum mechanics (quantum theory) controls material 
properties or behavior (Seeman, 2004).

Osteoconductivity—Property of a material that describes its ability to act as a matrix or scaffold and 
facilitate new bone growth on its surface.

Osteoinductive—The ability of a material to form new bone.
Peri-implantitis—An inflammation that develops in and around the area surrounding a dental implant.
Self-assembling materials—Material systems that automatically transform into prespecified assemblies.
Stem cells—Biological cells in multicellular organisms that can divide by mitosis and differentiate 

into any one of the 200 or more possible cell types in humans and continuously divide to yield  
more stem cells of the same type.

Smart materials—Synthetic materials that interact with external stimuli such as light, temperature, 
stress, moisture, pH, and electric/magnetic fields in such a way as to alter specific properties in a 
controlled fashion. A key feature of smart behavior is the ability of a material to return to its original 
state after the stimulus has been removed.

Temporomandibular joint (TMJ)—The junction between the head of the mandible and the temporal 
bone of the skull.

Voxel—Volumetric picture element that represents a single sample, or data point on a regularly spaced 
three-dimensional grid.
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for fabricating and delivering both fixed and removable  
devices (Strub et al., 2006). At the time of this writing it has 
been almost 12 years since Feitas (2000) predicted that the 
first micron-sized dental nanorobots would be constructed 
within 10 to 20 years. Such advances are very futuristic and 
may still not be realized for many decades. However, some of 
the other technologies foreseen at that time have made sub-
stantial progress, including those involving the use of nano-
materials, biomimetics, tissue engineering, biotechnology, 
and regenerative dentistry. This chapter reviews technologies 
that have demonstrated their proof-of-concept potential and 
have either been recently introduced but not yet clinically 
proven for the long-term or are not far beyond the immediate 
time horizon. Several new materials that are certain to expand 
in use are also included.

In the following sections and subsections several technolo-
gies are discussed under various headings (Nanotechnology, 
Resin Restorative Materials, Tissue Engineering, Regenera-
tive Dentistry and so on). However, substantial overlap exists 
among these approaches to various oral health–related prob-
lems; therefore any subcategorization is to a greater or lesser 
extent arbitrary. In the following discussions, the reader will 
often find that one subject area is necessarily intertwined with 
another. For example, a major thrust in developing restorative 
resin composites is to utilize ever smaller reinforcing filler 
particles. As explained in Chapter 13, this has led to the 
development of nanoparticle fillers, which overlaps with the 
field of nanotechnology. In another example, one of the major 
dental applications of regenerative dentistry uses stem cell 
biology to promote periodontal wound healing and tissue 
regeneration, which are also objectives of both biological 
delivery systems and tissue engineering. So, although tissue 
engineering does not always involve biological delivery 
systems or vice versa, it often does and is therefore, catego-
rized separately.

Shown in Figure 21-1 is a flowchart of basic, translational, 
and clinical research links representing stages in the develop-
ment and evaluation of emerging technologies and products. 
The farther to the right of the chart a technology or material 
is seen, the higher the probability that it will have a desirable 
clinical outcome.

BIOMATERIALS

Any matter, surface, or construct that interacts with biologi-
cal systems is considered to be a biomaterial. In the present 
context only synthetically derived or highly processed non-
synthetic materials are discussed. In dentistry, these are also 
called dental materials.

NANOTECHNOLOGY

The introduction of microfill restoratives in the early 1970s 
ushered in the era of dental nanotechnology. As discussed in 
Chapter 13, microfilled composites contain silicon dioxide 
(SiO2) reinforcing particles about 40 nm in diameter that are 
dispersed in prepolymerized resins that have been ground to 
form so-called organic filler particles in the micron size 

Emerging applications of dental biomaterials are primar-
ily focused on the prevention and treatment of caries, 

periodontal disease, and oral cancer. The materials being used 
currently are useful for treating and detecting such diseases, 
but they need further improvement. Caries prevention  
treatments have reduced the need for initial restorations, 
replacement restorations, and removable dentures. Mini-
mally invasive dentistry concepts have led to sealing defective 
or leaking margins of restorations with sealing resins rather 
than performing restoration replacement procedures that can 
destroy healthy adjacent tissue (Mertz-Fairhurst et al., 1998).

The implementation of a cure for caries is likely to take at 
least 20 more years; therefore, most of the restorative materi-
als in use today will likely remain in use for a decade or more. 
A cure for dental caries will have a dramatic impact on the 
use of restorative materials to repair form and function of 
teeth with cavitated lesions. In the interim, the use of dental 
amalgam will continue to decline, despite the durability of 
amalgam restorations, until it is eliminated because of envi-
ronmental restrictions on mercury release. Improved resin 
restorative materials will continue to supplant amalgam’s use. 
Before caries can be considered truly “curable,” demand will 
remain high for remineralizing agents, smart materials, and 
durable repair and replacement materials that avoid the need 
to repeatedly restore a tooth. The need for both repair and 
replacement will continue because of the time-dependent 
failure or degradation of the present materials. The developed 
world has led the way in promoting the use of higher-cost 
esthetic restorations, sometimes at the expense of durability. 
Many restorations are being placed for esthetic reasons and 
not for caries management, a trend that will continue well 
into the future. The choice of biomaterials for a given clinical 
situation will continue to be based on a comparative analysis 
of cost, benefits, and risks.

One should expect dentistry to continue its dependence 
on developments in materials science and technology, with a 
focus on the preservation and enhancement of oral health 
through the prevention of caries and periodontal disease and 
the rehabilitation of missing, damaged, and destroyed hard 
and soft tissues. New dental biomaterials must satisfy the fol-
lowing perennial, requirments. They must: (1) be nontoxic to 
human cells; (2) be toxic to microbes and fungi; (3) be able 
to form an excellent seal between the oral cavity and underly-
ing tooth structure; (4) be sufficiently bioactive to stimulate 
in vivo repair of tissues that have been damaged by disease, 
trauma, or dental treatment; (5) have properties similar to the 
tissue that is to be repaired or replaced; (6) exhibit handling 
properties that allow ease of manipulation and promote 
optimal clinical performance; and (7) exhibit an esthetically 
pleasing appearance.

Over the past 30 years technology has advanced tremen-
dously and has benefited dental materials science in a variety 
of ways, including laser applications, imaging technologies, 
composites technology, “smarter” and stronger ceramics, and 
minimally invasive dental procedures (Garcia and Tabak, 
2009). CAD-CAM technology has reduced the need for 
impression materials and has also reduced the time required 
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range. Current microhybrid and nanofilled composites 
contain filler particles range from about 20 to 600 nm. This 
use of nanoparticle technology allows the formulation of 
dental materials with high translucency, excellent initial 
polish, and retention of gloss while maintaining mechanical 
properties and wear resistance equivalent to those of current 
clinically proven hybrid composites. Several 2- to 3-year 
clinical trials have investigated the nanohybrids performance 
in a variety of oral restorations and found that the nanohy-
brids show great promise for extending survival beyond the 
current 5 to 10 years. Currently, a variety of approaches 
designed to overcome the deficiencies of nanoparticle com-
posites are in progress. None of these is likely to result in a 
breakthrough that will lead to a universal esthetic composite 
that can rival the durability of amalgam. However, there is a 
high likelihood that many will contribute incremental advan-
tages that, when combined and optimized, will result in such 
a material by the next decade.

CRITICAL QUESTION
In which ways will nanotechnology provide products or processes 
that can improve oral health outcomes?

?

Other recent applications of nanotechnology in dentistry 
have focused on the delivery of molecules that promote hard 
tissue remineralization by noninvasive techniques. In this 

FIGURE 21-1  Flow chart of basic, translational, and clinical research links to develop and evaluate 
emerging technologies and products. 
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context, the most promising technology for the nanorestora-
tion of tooth structure is biomimetics, the study and use of 
processes that mimic those that occur in nature, particularly 
those that involve self-assembly of components to form, 
replace, or repair oral tissues (Saunders, 2009). These con-
cepts are discussed further later in this chapter.

For dental biomaterials, nanoparticulates have been shown 
to strongly influence the host response at both cellular and 
tissue levels, making their use particularly attractive for  
modifying dental implant surfaces. Electrophoretic, sol-gel 
and pulsed laser deposition, sputter coating, and ion beam–
assisted deposition, among others, are approaches that have 
been utilized to develop nanotextured thin-film biocompat-
ible coatings for implant surfaces. These technologies reduce 
the thickness and particle size of the coating layer and thereby 
increase its specific surface area and reactivity, thus improv-
ing the interaction with the surrounding living tissue. See, for 
example, Bayne (2005) and (Subramani and Ahmed, 2012).

These technologies are at an advanced stage and their use 
to develop nanosized preparations of various components in 
dental materials and improve both performance properties 
and durability in the near future is quite likely. However, it 
should be noted that nanosized particles and surface features 
with very high surface area–to-volume ratios are usually  
different in their bioactivity, solubility, and antimicrobial 
effects compared with larger particles. Thus, these changes in 
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Two recently introduced novel flowable composites, 
G-aenial Universal Flo (GC America, Alsip, IL) and Surefil-
SDR flow (DENTSPLY International, York, PA), among 
others, exemplify such operator-friendly materials. Both are 
highly translucent and offer flowable rheologies (i.e., consis-
tencies) and easy handling together with a large depth and 
degree of conversion; they are marketed as bulk fill, universal 
restorative resins with exceptional ease of placement. Both 
exhibit low shrinkage and low shrinkage stress when tested 
in vitro, and early clinical trial results show that they have 
early-stage wear resistance and durability similar to those of 
current posterior resins.

G-aenial Universal Flo is based on 4,8-di(methacryloxy 
methylene)-tricyclodecane (TCDDMA), a bulky, space-filling 
dimethacrylate monomer (see Figure 13-22 in Chapter 13). 
TCDDMA has a tricyclodecane three-ring central group that 
prevents monomers from aligning and thus offsets polymer-
ization shrinkage. This “steric hindrance” effect slows the rate 
of polymerization and lengthens the time needed for the 
curing reaction to reach the point of solidification. This facili-
tates the ability of adjacent polymer chain segments to slip 
among themselves and relax stresses that develop before the 
resin paste solidifies.

Surefil-SDR flow utilizes what the company describes as  
a “polymerization modulator” in the backbone of the SDR 
resin monomer. A schematic of a dimethacrylate monomer—
which appears to have a bulky, space-filling central group 
similar to that of TCDDMA—is shown in the company litera-
ture. Whatever the chemical structure, published results show 
that the material has flow and other handling characteristics, 
together with a high translucency, that promote a high degree 
and depth of cure. These features place it in the category of 
technique insensitive.

These two highly flowable composite products also contain 
a reinforcement filler loading on a par with highly loaded, 
nonflowable, even “packable” hybrids such as those described 
in Chapter 13. This high loading, together with low curing 
stress and a high level and depth of cure, account in large part 
for the expectation of their high durability and long service 
life. At this time the means whereby this combination of high 
filler loading and a flowable working consistency are achieved 
have not been disclosed. However, given the intensity of 
research and development, other products of this type can be 
expected and, with further improvements, significant prog-
ress toward the goal of ensuring reliably placed restorative 
resins with the durability and forgiveness of amalgam com-
bined with the esthetics of porcelain can be expected in the 
near future.

ANTIMICROBIAL MATERIALS

Although the clinical performance of dental resins has 
improved remarkably in terms of durability, bond strength, 
and esthetics, most resins lack antimicrobial properties. Con-
sequently, the inclusion of bacteriostatic or bactericidal prop-
erties is greatly needed, especially since synthetic materials of 
all types readily facilitate bacterial colonization and biofilm 
formation. Such new, improved materials may be derived 

properties cannot be extrapolated by an inverse linear analy-
sis of particle size, but must be determined through in vitro 
and in vivo testing of the nanomaterials. Potentially impor-
tant nanoparticles will range from metals, such as silver, to 
ceramic powders, such as titanium dioxide. For example, in 
situ–generated silver nanoparticles have been reported to be 
highly effective in restorative resins, bonding resins, and 
prosthetic resins for inhibiting a variety of biofilm-forming 
bacteria while not interfering with manipulation, curing, 
mechanical properties, or other performance properties (see 
Fan et al., 2011, and Oei et al., 2012).

Several of the emerging materials and technologies 
described later in this chapter rely on nanotechnology.

RESIN RESTORATIVE MATERIALS

Prolonging the service life of dental restorations is of great 
public health importance because it delays or avoids the need 
for repair or replacement of the restorations. The frontier  
for resin restorative materials continues to be the reduction 
of composite shrinkage, reduced porosity, improving the 
composite-dentin interface, reducing wear and attrition, and 
increasing the degree of conversion of resin monomers. 
Improvements in these characteristics are needed in order to 
increase the service life of resin-based restorations and 
thereby reduce the need to retreat the original restored teeth.

Longevity and survival studies have shown that dental 
resin composites available during the past 10 years or so have 
an average replacement time of 5.7 years. The failures were 
mainly caused by three primary factors: (1) surface loss due 
to two- and three-body wear; (2) marginal deficiencies due 
to breakdown and/or gap formation and (3) secondary mar-
ginal caries (secondary caries). Whereas the relatively recent 
innovations discussed earlier (“Innovations in Dental Com-
posites” in Chapter 13) have likely increased the service life 
of currently marketed resin composites, there is still an 
incomplete understanding of all factors that lead to failures. 
For example, there remains significant uncertainty on the 
interactions among several variables including bacterial bio-
films, such as dental plaque and the mechanisms of wear, 
fatigue, fracture, and secondary caries. Current ongoing 
research is making progress to gain better insights into how 
interactions among physical and oral environmental factors 
and the composition of composites initiate and influence 
failure mechanisms (Petrovic et al., 2010). Future research 
should lead to developments that further extend durability 
and survivability, possibly rivaling that of amalgam.

Another factor that influences longevity is operator error. 
Materials that present difficult handling, curing, and other 
technique-related problems are inherently prone to mistakes 
that often lead to material defects (e.g., air inclusions and low 
degree of cure), which in turn hasten the onset of fatigue and 
other failure mechanisms. Here, too, substantial research and 
development effort is in progress that can be expected to lead 
to a series of ever more “technique insensitive” (forgiving), 
operator-friendly, resin-based materials that also maintain a 
balance of other required properties such as strength, wear 
resistance, and esthetics.
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biofilm dissolution continues to advance with faster, more 
effective treatment regimens.

from formulas with better nanofiller or improved interphase 
bonding agents for the ceramic fillers and resins. Future com-
posite restoratives may also arise from (1) new fluoride-
containing monomers for the prevention of secondary caries 
(such as fluoride-releasing dimethacrylate monomer contain-
ing a ternary zirconium fluoride chelate), (2) antibacterial 
monomers (such as methacryloyloxydodecylpyridinium 
bromide (MDPB), (3) antibacterial and fluoride-releasing 
monomers, (4) the use of a higher filler percentage with 
nanoparticles, and (5) matrix metalloproteinase (MMP)–
inhibiting components incorporated in the composite. Con-
tinual fluoride uptake (recharging from food or periodic 
treatments) and release are desirable in restoratives to inhibit 
or prevent caries. Antimicrobial characteristics are desirable, 
but they must be sustained after polymerization. Silver and 
titanium particles continue to be considered for antimicrobial 
effects, alone or attached to polymers. Silica nanoparticles are 
already used in composites to improve polishability and 
translucency, but new nanoparticles may exhibit enhanced 
penetration into etched dentin to improve mechanical and 
adhesive properties. The MMP-inhibiting materials may 
deter degradation of the etched dentin that interfaces with a 
dental composite in the hybrid layer. Suppression of MMP by 
agents other than ethylenediaminetetraacetatic acid (EDT) 
and chlorhexidine can also inhibit remineralization, which is 
a likely area of improvement for dentin bonding agents.

The treatment and management of dental caries have 
always been fundamental parts of dentistry. Early discovery 
of the disease’s demineralization process facilitates the ability 
to inhibit or arrest the caries process or to remineralize the 
lesion’s tissue, which is of significant value to the patient. 
New non-fluoride-containing, antimicrobial monomers such 
as MDPB, may help to prevent secondary caries, whereas 
other more effective fluoride-containing/releasing resins 
may be invented for this purpose. Antibiotics are being used 
as endodontic irrigation rinses, especially when they are 
combined with various acids or chemicals that quickly dis-
solve the dentinal smear layer created by endodontic instru-
ments in a root canal. Combination devices containing a 
drug, BMP, or amino acids are envisioned for endodontic 
and periodontal uses. Antimicrobial materials are needed for 
restoratives and other dental materials that have novel and 
improved properties compared with those that are now 
available. For instance, future materials may use the antimi-
crobial properties of the calcium silicates or calcium alumi-
nates for enhanced endodontic and pulpal procedures 
necessitated by the adverse effects of bacterial action. Silver 
zeolite, triclosan, and modified (chlorinated) polyethylene or 
other polymers may satisfy applications where an antimicro-
bial material is needed.

Preventing and removing biofilms is especially important 
for periodontics and endodontics. Adjunctive liquids are 
needed that can quickly kill and remove bacterial colonies in 
biofilms during periodontal scaling. In endodontics, new irri-
gants are needed to better remove and deactivate smear layers 
containing remnant bacteria after root canal preparation. As 
with acid etching, the frontier for smear layer removal or 

CRITICAL QUESTION
What are the stages of research that will lead to the adoption of 
new remineralizing materials and processes for dental practices?

?

*Mineral trioxide aggregate (MTA) is a mixture of calcium silicates 
and a radiopacifier such as and bismuth oxide; See Chapter 14 on 
cements.

REMINERALIZING AGENTS AND MATERIALS

The remineralization of tooth surfaces with incipient lesions, 
prevention of secondary caries, and durable bonding to 
etched dentin are key areas of research for future dental  
materials (Donly et al., 1994 and Lippert et al., 2004) because 
of their great public health importance in preventing sus-
tained enamel demineralization and prolonging the service 
life of composite restorations without repair or replacement. 
In the future, nanoparticles of hydroxyapatite may be helpful 
for remineralization because they are on the same crystalline 
scale as naturally occurring hydroxyapatite crystals in teeth. 
A promising example of this approach was reported by (Li et 
al., 2008) who found that 20-nm nanohydroxyapatite parti-
cles provided an anticaries repair effect while larger hydroxy-
apatite particles did not.

New remineralizing dentin bonding agents should ensure 
wetting and flow and preferably completely fill the demineral-
ized zone created by etching prior to or simultaneous with 
bonding to the restorative material. For instance, new MTA-
type* products have been tested in the lab with polyacrylic 
acid and sodium tripolyphosphate as a dentin-bonding layer. 
When it was applied under a restorative material, the com-
bined material infiltrated the demineralized collagen fibrils 
with precursors that restored the calcium phosphate at the 
interfaces of the dentin and the restorative material. These 
and other remineralizing materials are needed to move 
forward from the laboratory to clinical trials of new dental 
adhesives for composites. Incorporation of some of these 
technologies into primers and dentin bonding agents are 
expected to both inhibit caries activity and increase the 
service life of composite restorations.

Low concentrations of fluoride are known to promote 
enamel and dentin remineralization (Gelhard and Arends, 
1985). However, after treatments with topical fluoride gels, 
rinses, or dentifrices, salivary fluoride concentrations decrease 
exponentially to low concentrations within a few hours.

The appearance of secondary (recurrent) caries denotes a 
state of demineralization of the tooth tissues at the margin of 
a restoration. In today’s dental practices, the margins of res-
torations are often placed in subgingival areas for the sake of 
enhanced esthetics, but this situation predisposes to increased 
plaque retention and secondary caries.

The clinical diagnosis of secondary caries is the most 
common reason for the replacement of restorations in general 
practice; this includes all types of restorations, such as those 
produced with amalgam, composite, and glass ionomer 
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pH produces an undersaturation of these essential ions (Ca2+ 
and PO4

3−) in plaque fluid with respect to tooth mineral fol-
lowing meals. This promotes the dissolution of enamel. At 
neutral pH, the ion supersaturation of plaque produces a 
reverse shift in the equilibrium, causing a mineral deposition 
within the tooth surface.

Emerging technologies and materials that promote remin-
eralization at early and moderately advanced stages of caries 
will be developed more rapidly as soon as the primary factors 
that dominate the remineralization process can be controlled 
effectively. In addition, more sensitive imaging or measure-
ment processes are needed to validate early stages of remin-
eralization and to more effectively determine whether or not 
preventive therapies produce optimal outcomes.

BONE-GRAFTING MATERIALS

In addition to remineralizing small lesions, gross remineral-
izing treatments and bone grafts are increasingly needed for 
dentistry. Bone-grafting materials are necessary for various 
oral surgeries, such as alveolar ridge augmentation and sinus 
augmentation and for the placement of implants or to improve 
mandibular denture stability. Extraction socket grafting 
materials are gaining popularity to prevent the collapse of 
cortical bone and enable the placement of an implant. Also, 
patients prefer faster treatment with fewer surgeries, which is 
driving research toward single-stage implant procedures with 
immediate functional loading (IFL). Implants with nanotech-
nology coatings may increase the success and acceptability of 
the single-stage and IFL procedures, but before implant 
placement, grafts are often needed.

Graft materials are available containing allogeneic, xeno-
geneic, or synthetic hydroxyapatite particles to act as a scaf-
fold for gradual replacement by the patient’s bone. These 
current bone grafts slowly resorb and the replacement bone 
densifies over months until a restorative denture or implant 
can be made. More rapid resorption and bone-growth- 
stimulating materials are needed to meet the demand for 
faster implant placement after tooth extraction, even imme-
diate placement. Some available grafting materials are 
designed for faster resorption and bone growth. For instance, 
PepGen P-15 (DENTSPLY Friadent, Mannheim Germany), a 
hydroxyapatite product with an amino acid, is available for 
accelerating natural bone regeneration. Infuse (Medtronic, 
Minneapolis, MN) , a collagen sponge with recombinant 
human bone morphogenetic protein-2 (rhBMP-2), is indi-
cated for sinus augmentation and localized alveolar ridge 
augmentation. Bone morphogenetic proteins, also known as 
cytokines, represent a group of growth factors that can affect 
cell interactions and cell behavior. Perioglas and NovaBone 
Dental Putty (NovaBone Products, Jacksonville, FL) contain 
coarse (greater than 100 µm) bioglass particles for implanta-
tion as a resorbable scaffold for bone growth and periodontal 
grafting. Ostim-Paste (aap Biomaterials GmbH, Dieburg, 
Germany) is a nanocrystalline hydroxyapatite paste that can 
be used to repair the intraoral bony defects that may result 
from cystectomies (a surgical procedure to remove a cyst), 
root tip resections, extractions, and surgical tooth removal 

cement. Typically 50% to 60% of all replacements of directly 
placed restorations in general practice are associated with the 
diagnosis of secondary caries. Since 50% to 75% of all restora-
tions in adults are replacements of previously inserted resto-
rations, the clinical diagnosis of secondary caries leads to 
billions of dollars of costs for patients. Therefore, it is impor-
tant, in this context, to assess the scientific basis for the clini-
cal diagnosis and prevention of secondary caries and to 
enhance the potential to remineralize previously demineral-
ized enamel adjacent to restorations.

The dental literature reflects a strong demand for preven-
tive and “healing” therapies for individuals at moderate risk 
for caries to prevent a shift to a high level of risk. For some 
of these individuals, the daily ingestion of fluoride from 
toothpaste, well water, and other fluoridated sources may be 
inadequate to prevent caries, especially when other risk 
factors are present. These factors include a reduced saliva flow 
rate, increased consumption of foods and beverages that 
contain fermentable carbohydrate (that is, cariogenic sub-
stances), and reduced tooth cleaning ability. Saliva analyses 
indicate that residual fluoride concentrations in the mouth 
after long periods between tooth brushing decrease from 1 
ppm or more to a range between 0.02 and 0.08 ppm. Because 
of this reduction in fluoride, remineralization may not be 
possible, since the transfer of calcium and phosphate ions into 
enamel depends on a sufficient and sustainable supply of fluo-
ride ions. Furthermore, because the concentration of calcium 
ions in saliva is also very low in healthy individuals (a 
maximum of approximately 60 ppm), remineralization may 
be further retarded without an additional source of calcium.

It is well known that low concentrations of fluoride have 
a beneficial effect on enamel and dentin remineralization. For 
treatments to be effective over periods longer than the brush-
ing time and the subsequent time for salivary clearance, fluo-
ride must be deposited and slowly released. Calcium fluoride 
or similar deposits act in such a way because of a surface 
covering of phosphate and/or proteins, which make the CaF2 
less soluble under in vivo conditions than the pure form in 
inorganic solutions. Subsequently, in the presence of phos-
phate groups on the surface of calcium fluoride globules, fluo-
ride is released with decreasing pH when the phosphate 
groups are protonated in dental plaque. Saliva alone has the 
ability to increase plaque pH with bicarbonates, although 
typically this process may take up to 2 hours. The susceptibil-
ity of apatite in enamel surface layers makes it critical to 
control the acidity of the plaque fluid and Ca2+ and PO4

3− con-
centrations in saliva. The subsequent remineralization process 
is characterized by the reverse of this process. When the oral 
pH is restored to approximately 7, Ca2+ and PO4

3− ions are 
incorporated into the depleted mineral layers of enamel as 
new apatite. The demineralized zones in the crystal lattice act 
as nucleation sites for new mineral deposition. In the pres-
ence of fluoride (at high concentrations), the original carbon-
ated apatite (CAP) loses its remaining carbonate and is 
replaced by a hybrid of hydroxyapatite (HAP) and fluorapa-
tite (FAP). This cycle is fundamentally dependent on enamel 
solubility and ion gradients. Essentially, the sudden drop in 
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materials were based on commercial products whose compo-
sitions were not known precisely and whose ages at place-
ment were unknown or not identified. In addition, few studies 
have analyzed the influence of particle composition, particle 
size, and particle size distribution, nor have they demon-
strated the on-demand nature of “smart sealing materials.”

Secondary caries and the unnecessary replacement of 
defective restorations can be prevented and adjacent enamel 
remineralized through one of the following preservative 
treatments: (1) sealing of marginal crevices adjacent to  
defective restorations with a hydrophilic resin; (2) sealing 
crevices with a smart resin capable of the controlled release 
of chlorhexidine or other antibacterial agent; (3) sealing crev-
ices with a smart resin capable of the controlled release of 
fluoride; and (4) applying a sealing resin or varnish that can 
release xylitol or other caries management agents at specified 
concentrations over a specific period of time.

The rapid induction of anesthesia may be another future 
application for smart materials. For instance, particles or sub-
stances could be applied in the sulcus and an external trigger 
could start or stop the anesthetic reaction. Smart material 
concepts provide the clinician with better control, which will 
certainly suggest approaches for new products.

SELF-ASSEMBLING MATERIALS

Self-assembling material systems automatically construct 
prespecified assemblies.7 Viruses, cells, tissues, and whole 
organisms are examples of biological assemblies, whereas 
crystals are an example of nonbiological assemblies; both can 
be derived from polymers, metals, ceramics, or be composites 
of several types of components. Self-assembly occurs by 
orchestrated stages of initiation, propagation, and termina-
tion. Control systems for initiation and/or propagation may 
be templates (e.g., template polymerization of proteins, pat-
terning of silica templates for electrical circuits), or they 
might depend simply on natural rules corresponding to ener-
getically favorable physical, chemical, mechanical, and/or 
biological events (e.g., capillary forces, heterogeneous nucle-
ation of crystallization, surface energy reduction, phase  
separation, micelle formation, and steric probabilities for 
molecular folding).

The bone or soft tissue scaffolding of graft materials can 
be considered to be self-assembling. The coarse particulate or 
spongy bone graft materials are designed to encourage bio-
logical tissue to respond and replace the structure where the 
scaffolding is placed. Future materials may include templates 
of proteins to encourage biological events, such as specific 
tissue (Fan et al., 2007). For example, the Stupp laboratory  
(Palmer et al., 2008; Webber et al., 2010) has developed a 
broad class of self-assembling peptide derivatives that offer 
exciting novel therapies of broad potential impact in  
regenerative medicine. These peptide amphiphiles (PAs) 
incorporate a short hydrophobic domain on one end of a 
hydrophilic oligopeptide sequence that also contains bioac-
tive signaling sequences. Nanostructures can be designed 
from these peptides that, through self-assembly strategies and 

and for augmentations in the areas of the alveolar processes 
and maxillary sinuses (sinus lift) as well as to fill periodontal 
defects. Clinical trials are needed to determine the success of 
each of these approaches and guide the development of future 
products.

New bioactive glasses are under development that contain 
more boron and silica than the original formulas of 45S5 
bioglass (45 wt% SiO2 and a 5:1 ratio of CaO to P2O5) for 
osteogenesis, and the new formulas may be resorbed more 
quickly with faster bone replacement. Copper or silver in 
these glasses may also enhance soft tissue deposition in other 
applications. Powders, fibers, or foams of the bioactive glasses 
may be used as scaffolds for use in the rapid replacement of 
bone or soft tissue. Scaffolds of bioactive glass are used for 
osteoconductivity, and they may also initiate chondrogen-
esis. The latter could be useful for temporomandibular joint 
(TMJ) treatments. Combinations of biodegradable polymers 
with bioactive glass particles may also enhance tissue replace-
ment and serve as the basis for new grafting materials.

CRITICAL QUESTION
In which ways does the use of smart materials lead to improve-
ment in the quality of oral health care?

?

STIMULUS-RESPONSIVE “SMART” MATERIALS

“Smart” materials are designed for interaction with external 
stimuli such as light, temperature change, stress, moisture, 
pH, or electric/magnetic fields (McCabe et al., 2009). Cur-
rently, these dental materials include (1) zirconia ceramics 
that transform from a tetragonal to monoclinic crystal form 
when tensile stress is induced at crack tips, leading to an 
increase in crystal volume and compressive stress that tends 
to prevent propagation of the cracks; (2) composites designed 
for initiation of curing by irradiation with particular wave-
lengths of blue light or composite cements that change color 
when irradiated (for use in orthodontics); (3) glass ionomer 
cement that when desicccated, weakens the cement to make 
it easier to remove orthodontic bands; and (4) glass ionomer 
restoratives that increase the release of fluoride when the pH 
in plaque fluid decreases (ten Cate et al., 1995).Nickel-
titanium wires that soften when chilled below body tempera-
ture for bending are “smart” and very useful for threading 
together orthodontic brackets at the earliest treatment stages 
with the most misaligned teeth. Future smart materials may 
include cements that can be triggered to soften and allow 
debonding by a temperature change or irradiation process. 
Cements such as this would be very attractive for use with 
temporary crowns, orthodontics, and some implant 
restorations.

Emerging technologies and materials may also include 
smart hydrophilic resins that effectively seal moist micro-
scopic crevices adjacent to defective restorations and release 
fluoride and/or other mineralizing agents when the pH of 
oral fluids decreases to a range of 4.0 to 5.5—that is, when 
enamel demineralization often occurs.

The use of sealants, varnishes, and composites that release 
fluoride is not new. However, most of the studies on these 
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These technologies are being intensively investigated at 
present and may well appear in dental products within a few 
years (Fischer, 2010).

BIOACTIVE MATERIALS

Generally, present-day dental materials do not induce dental 
tissue responses and are not bioactive. However, bioactive 
biomaterials with novel and improved properties are needed. 
For example, a bioactive material that promotes the forma-
tion of hydroxyapatite mineral would have numerous bene-
fits, including remineralization of adjacent tooth substance, 
the potential to close gaps between restoration and tooth, 
improved bond strength durability associated with reduced 
bond degradation, and enhanced bone integration with 
implant surfaces. New bioactive materials are under develop-
ment that, in general, will create a biomimetic “presence” in 
vivo that induces healing by processes that are superior to 
those of many present-day dental materials.

Such new bioactive materials that have either been recently 
introduced or that are expected to soon become available 
include novel formulas of hydraulic (water-setting) ceramic 
powders. For instance, calcium–silicate-containing powders 
(predominantly tri- and dicalcium silicate powders, also 
known as mineral trioxide aggregate or MTA-type) are now 
considered the gold standard for endodontic surgical proce-
dures and have gained increasing acceptance for pulp capping, 
pulpotomy, and apexification procedures. Calcium aluminate–
based powders, being more acid-resistant, are being used 
with glass ionomers to make supragingival cement for pros
thodontics and have found limited use for restorative applica-
tions. Their acid resistance makes them useful for infected 
sites, which are generally acidic; as such, the aluminates may 
be used for the same indications as MTA-type materials 
(Darvell and Wu, 2011). Calcium phosphate cements are gen-
erally slower-setting than the hydraulic cements but are being 
used for scaffolding purposes where the formation of hydroxy-
apatite is necessary and porosity is acceptable.

A novel approach has recently been reported that  
uses dental resins containing bioactive TiO2 nanoparticles. 
These particles promote hydroxyapatite formation, enhance 
mechanical strength as reinforcing fillers, and can also act as 
photocatalytic bactericidals (Welch et al., 2010). For example, 
a dentin bonding adhesive with TiO2 nanoparticles can 
provide on-demand, photoinduced microbial inhibition and 
at the same time can fill (i.e., “heal”) marginal gaps via rem-
ineralization of adjacent dentin and enamel. This technology 
has the potential to reduce the incidence of secondary caries, 
improve tissue integration with implant surfaces, and prevent 
peri-implantitis and other infections at the tissue/implant 
interface. These results are intriguing and highly promising, 
but they have not yet been tested clinically.

Often it is the surface of materials that makes them bioac-
tive. Titanium as an implant material is an example. Like 
chromium, titanium spontaneously reacts with oxygen to 
form a self-repairing, protective oxide layer (TiO2), which 
makes it largely corrosion-resistant, inert, and biocompatible. 
However, surface roughness and other aspects of surface 

supramolecular chemistry, have the potential to combine bio-
compatibility with bioactivity and also offer broad  
engineering design flexibility for the development of multiple 
biomedical and biomaterials applications. This type of 
research has shown early-stage proof-of-concept results for 
some applications and is close to translation into clinical 
applications for others. However, for most applications (e.g., 
the regeneration of teeth), translation remains a distant but 
likely achievable target. Several of these possibilities also 
involve tissue engineering, biomimetics, and stem cell biology, 
which are discussed in greater detail below.

SELF-HEALING (SELF-REPAIRING) MATERIALS

Self-healing is an autonomically initiated response to damage 
or failure. In order to achieve this function, a self-healing 
material must be capable of (1) identifying and (2) repairing 
failures (Fischer, 2010).

Composite materials for restorations are subject to aging 
in situ, and all biomaterials typically have a limited lifetime; 
they gradually degrade because of physical, chemical, and/or 
biological phenomena such as creep, fatigue, unresolved 
internal stresses, corrosion, dissolution, erosion, or biodeg-
radation. As a result, the material eventually fails at some 
stage, such as leakage at the resin-dentin bonded interface, 
fracture of resin composites, chipping of porcelain, or corro-
sion of amalgam. Nature manages to renew many biological 
materials. For example, bone continually remodels and can 
heal itself (self-repair) even after a major fracture. Nature’s 
approach has inspired efforts to develop self-healing capa-
bilities for synthetic materials. One of the first such materi-
als, an epoxy system, is similar to resin-based dental 
materials. The self-healing system consists of microencapsu-
lated dicyclopentadiene and Grubb’s metathesis catalyst. If a 
crack occurs in the epoxy composite, some of the microcap-
sules are ruptured near the crack and release dicyclopentadi-
ene, which subsequently fills the crack and reacts with the 
catalyst, resulting in polymerization of the dicyclopentadi-
ene and repair of the crack. Such materials have been 
observed in laboratory tests to improve the recovery of  
composite fracture toughness after stress. Similar systems 
have exhibited a significantly longer service life under 
mechanical stress in situ compared with those without the 
potential for self-repair.

Another approach under investigation is a self-healing 
material that operates on the basis of a pH increase experi-
enced by proteins during the maturation of a mussel byssus 
secretion to control catechol-Fe3+ interpolymer cross linking 
via pH changes.

Although no biomaterials with such properties have been 
commercialized as yet, self-healing systems would be 
extremely useful for dental resins, as they would have signifi-
cantly longer life cycles and improved clinical performance. 
They may very well perform better than those repaired with 
conventional macroscopic repair approaches, some of which 
have been shown not to lead to satisfactory mechanical prop-
erties of the repaired composite (Jandt and Sigusch, 2009).
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These technologies are under intensive investigation and 
development and will very likely be translated into clinically 
useful materials and treatments in the not too distant future. 
These and other biomimetic approaches and uses of tissues engi-
neering scaffolds are discussed further in the sections headed 
“Tissue Engineering” and “Regenerative Dentistry,” below.

TISSUE ENGINEERING

According to the National Institutes of Health, tissue engi-
neering is an emerging multidisciplinary field involving 
biology, medicine, and engineering that is likely to revolu-
tionize health care and the quality of life for millions of people 
worldwide by restoring, maintaining, and enhancing tissue 
and organ function. The main requirements for producing an 
engineered tissue are the appropriate levels and sequencing 
of regulatory signals, the presence of responsive progenitor 
cells, an appropriate extracellular matrix or carrier construct 
(i.e., scaffold), and an adequate blood supply for oxygen and 
nutrients. Either biological or synthetic polymers are used to 
form the tissue engineering scaffolds. Recent advances in 
understanding growth factors and biodegradable polymer 
scaffolds have made possible the successful tissue engineering 
of cartilage, bone, and related tissues (Slavkin and Bartold, 
2006). Nakashiwa and Reddi (2003) have summarized the 
remaining achievements required to develop the clinical 
techniques needed for the creation, substitution, and/or 
replacement of dental tissues. Among the many potential 
applications are fracture repair, dentin and periodontal liga-
ment replacement, alveolar ridge augmentation, temporo-
mandibular joint reconstruction, preosseointegration of 
dental implants, and partial or whole tooth regeneration.

Tooth loss is the most common organ failure. The regen-
eration of a tooth can include not only regrowth of the entire 
tooth complex as a complete biological organ but also regen-
eration of individual components, including enamel, dentin, 
pulp, cementum, and periodontal tissues (Yuan et al., 2011; 
Sonoyama et al., 2006). Currently there are two main lines of 
investigation regarding this possibility. The first deals with 
restoration of partial tooth damage and focuses on using the 
existing reparative capacities of the tooth and/or use of tooth-
related stem cells for the repair of damaged tooth parts 
(Petrovic and Stefanovic. 2009). The second line of investiga-
tion focuses on whole-tooth regeneration by using stem cells 
and/or conventional tissue engineering techniques.32,32a The 
first successful bioengineering of entire tooth structures was 
reported in 2002 using cells from dissociated porcine third 
molar tooth buds seeded on biodegradable polymer scaffolds 
that were implanted in rat hosts for 20 to 30 weeks (Young 
et al., 2002).

Osteonecrosis is a new and serious dental disease that 
arises from bisphophonates received intravenously or orally 
related to other medical conditions. More effective osteone-
crosis treatments are also needed and biological solutions to 
this end may be found. Conventional debridement is ineffec-
tive; therefore other treatment modalities are needed, to treat 
the condition, and to avoid the onset by dental events such 
as surgeries or extractions.

topography, together with surface chemistry, are also known 
to strongly influence the early events in healing and osseoin-
tegration that follow implant placement. Interactions between 
proteins, cells, tissues, and implant surfaces play a role in this 
process and help determine the eventual success or failure of 
all implanted materials and devices.

The surface chemistry and topography-related mecha-
nisms that control these events are poorly understood. Never-
theless, substantial research effort in dental implantology is 
currently directed at developing surfaces with controlled 
topography and chemistry at the nanoscale level to optimally 
promote protein adsorption and cell adhesion. On other 
fronts, the use of biomimetic calcium phosphate coatings to 
enhance osteoconductivity and the incorporation of biologi-
cal agents to accelerate bone healing in the peri-implant area 
are also areas where rapid progress is being made.

Overall, these efforts to understand and control surfaces 
are showing great promise, and some are likely to lead to 
materials, processes, and/or procedures in the near future 
that will greatly enhance the reliability of placement, indica-
tions for use, and the success rate of dental implants (Le 
Guéhennec et al., 2007).

BIOLOGICAL MATERIALS

Biomaterials science is exploring new technologies and is 
increasingly shifting from materials science and engineering 
and replacement therapies to bioengineering and natural 
tissue repair or replacement therapies. Biological biomaterials 
lead to natural tissue restoration and rely heavily on tissue 
engineering, biomimetics, self-assembling systems, cell 
biology, regenerative dentistry, and other technologies.

BIOMIMETICS

This field of research involves the study of the formation, 
structure, and function of biologically produced substances 
and materials (such as silk and conch shells) and biological 
mechanisms and processes (such as protein synthesis) for the 
purpose of synthesizing similar products by artificial mecha-
nisms that mimic natural ones. Of particular interest here are 
those that involve self-assembly of components to form, 
replace, or repair oral tissues (Saunders, 2009; Fan et al. 
2007).

An intriguing prospect for this approach is the use of  
self-assembling peptide amphiphiles (PAs) that contain both 
a photopolymerizable group and the arginine-glycine- 
aspartic acid-serine (RGDS) cell adhesion sequence. The 
self-assembling nature of the PAs causes the formation of 
networks of prealigned nanofibers, mimicking natural fibers. 
These nanofibers can be formed into tissue-engineering scaf-
folds and used as substrates for mesenchymal stem cell 
(MSC) cultures. Topographical patterns produced from the 
aligned PA nanofibers were found to promote alignment of 
MSCs, which indicate that the cells sensed and responded to 
the nanoscale features of the scaffold surfaces. The aligned 
MSCs then differentiate to form bonelike tissue (Welch et al., 
2010).
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application-specific requirements for biodegradation, bio-
compatibility, mechanical stability, biofunctionality, and pro-
cessability (Hubbell, 2003; Lia et al., 2008).

The key attributes of any biological delivery system are 
controlled, sustained, and targeted release. Each of these attri-
butes is fundamentally dependent on the ability to predict-
ably generate a functionalized material (Tayalia and Mooney, 
2009).

An example of a promising biological delivery strategy is 
to increase osseointegration of titanium implants by coating 
them with extracellular matrix components such as collagen, 
bone morphogenic proteins (BMP), and other proteins 
known to improve healing, induce peri-implant bone forma-
tion, and enhance osseointegration. For this technology to 
advance, further development is required to learn how to 
orchestrate the release pattern, optimize the time that the 
active components remain bioactive, control degradation, 
optimize the extracellular matrix that forms on the implant 
surfaces, and achieve maximum bone formation at minimal 
concentrations. As these and other questions remain unan-
swered at present, this appears to be a viable approach but 
one likely to require 10 years or more before a version is avail-
able for general use in dental practice.

In periodontics, tissue engineering is being used to develop 
new therapies beyond those based solely on infection control. 
Chronic periodontitis is one of the most common oral dis-
eases worldwide, after caries. Tissue engineering strategies 
are currently being developed to serve as periodontal regen-
erative therapies for the restoration of lost alveolar bone, peri-
odontal ligament, and root cementum. These strategies are 
based on the growth of new functional tissue rather than 
replacement of the periodontium. These studies have shown 
that regeneration of small- to moderate-sized periodontal 
defects using cell-scaffold constructs is feasible and that this 
technology may well evolve and become available for selected 
clinical scenarios in the near future (Chen and Jin, 2009; 
Chen et al, 2012). Yet even though tissue engineering has 
created the means for eventual predictable and optimal peri-
odontal tissue regeneration, progress toward clinical studies 
and routine clinical periodontal regenerative medicine and 
clinical use remains in an early stage (Hollister and Murphy, 
2011; Rosa et al., 2012).

A still greater challenge is major bone reconstruction after 
trauma or cancer, as well as augmentation following implants. 
There are formidable challenges for regenerating normal 
structure and restoring the functionality of tooth-supporting 
tissues. Future possibilities depend on a better understanding 
of the cellular and molecular mechanisms involved in peri-
odontal tissue regeneration, the differentiation potential of 
stem cells, and the interactions among stem cells, scaffolds, 
and host tissues. Given the recent progress and intense 
research and development activities in these areas, it should 
soon be possible to place implants even under adverse ana-
tomic or biological circumstances. Current findings also offer 
promise that tissue engineering will soon lead to the ability 
to reconstruct lost bone in bone deformities in a more effec-
tive and less traumatic way than that offered by the traditional 
autogenous bone transplantation approaches (Rosa et al., 
2012).

At this time it is difficult to predict the full impact of tissue 
engineering on the future of dentistry. However, it offers the 
ability to bring together advances in such disparate areas as 
materials science, genetics, molecular biology, and cell biology 
to develop new alternatives for the regeneration of both bone 
and soft tissues (Park et al., 2010) and for new restorative 
procedures to regenerate enamel.18,38,39 An important consid-
eration will be the cost of these procedures, at least initially. 
Not only is the cost of treatment important but also to be 
considered are the costs required to fully develop the technol-
ogy, demonstrate clinical efficacy, overcome regulatory 
hurdles (Hollister and Murphy, 2011), and train clinicians36 
in the use of these innovative techniques.

DELIVERY SYSTEMS FOR BIOLOGICALS

Tissue engineering approaches that combine biomaterials 
with such biologicals as proteins (growth factors, etc.), genes, 
and cells (both differentiated and stem cells) are promising 
routes to the therapies discussed above. Thus they are a source 
of active ongoing research directed in part toward developing 
competent scaffolding materials capable of fulfilling 

CRITICAL QUESTION
Why are engineered tooth roots more likely to have a greater 
impact on dentistry than the engineered whole teeth now under 
development?

?

REGENERATIVE DENTISTRY

Restorative dentistry is only very gradually transitioning 
away from replacement therapies using synthetic materials 
toward biology-driven repair, replacement, and regenerative 
medicine therapies. As currently envisioned, regenerative 
dental treatments have three key requirements: (1) a scaffold 
structure (either biological or synthetic), (2) progenitor/stem 
cells, and (3) the presence of inductive morphogenetic signals. 
For these approaches, the mouth has special advantages com-
pared with other locations owing to its minimally invasive 
access and ease of observation (Bayne, 2005).

For tooth regeneration, two major approaches have been 
taken, both of which utilize stem cells, the building blocks 
that can develop into various types of specialized cells. One 
approach uses scaffolds seeded with stem cells; the other uses 
stem cells without scaffolds. Significant progress has been 
made with both of these approaches (Zivkovic et al., 2010). 
The main characteristics of dental stem cells are their poten-
tial for multilineage differentiation and self-renewal.

Stem cells have been isolated from many tissues and 
organs, including dental tissues. Five types of dental stem 
cells have been established: (1) dental pulp stem cells, (2) 
stem cells from exfoliated deciduous teeth (SHEDs), (3) stem 
cells from apical papillae (SCAPs), (4) periodontal ligament 
stem cells (PDLSCs), and (5) dental follicle progenitor cells. 
Dental stem cells can differentiate into odontoblasts, adipo-
cytes, neuron-like cells, glial cells, osteoblasts, chondrocytes, 
melanocytes, myotubes, and endothelial cells. Possible 
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gelatin containing periodontal ligament stem cells (PDLSCs); 
it was placed into the extraction socket of a minipig  
lower incisor. This approach successfully generated a root/
periodontal structure adequate for use in place of titanium or 
other implant material to attach a ceramic crown (Nakahara 
and Ide, 2007). SCAPs are easily accessible, since they can be 
isolated from human third molars. The development of a 
combination of SCAPs and PDLSCs encapsulated in a resorb-
able scaffold offers a relatively near-term means of clinically 
inducing a root form and connective tissue in alveolar bone 
for the attachment of an artificial crown.30,43

Both biomaterials and biological materials are playing an 
indispensable role in progress toward regeneration of a tooth 
root, crown, pulp, dentin, enamel, or entire tooth. Repair 
occurs by the use of metals, ceramics, or synthetic resin mate-
rials, whereas regeneration is controlled by biological restora-
tion. Tooth regeneration is an extension of concepts in the 
broad field of regenerative medicine to restore a tissue to its 
original form and function by biological mechanisms. 
Whereas substantial progress has been and is being made, 
whole-tooth regeneration remains a distant but achievable 
goal—one that would cause dentistry to undergo a paradigm 
shift from repair and replacement to regeneration.

application of these cells in various fields of medicine makes 
them good candidates for future research as a new, powerful 
tool for a variety of therapies, including those related to oral 
health (Petrovic and Stefanovic, 2009).

Although stem cells will eventually be used to grow 
replacement human teeth, the signaling processes that control 
the development of discrete dental morphologies for incisors, 
canines, premolars, and molars must be clearly understood 
before whole-tooth regeneration will become a practical goal. 
Although this goal remains speculative, substantial progress 
has been made in developing an understanding of the mecha-
nisms and challenges involved, and several proof-of-concept 
investigations are leading the way (Koussoulakou et al., 2009;  
Yildirim et al., 2011; Duaililibi et al., 2004; Galler et al., 2010).

The repair and regeneration of dental tissues, rather than 
whole-tooth regeneration, offer possibilities for earlier real-
ization. Thus, intensive investigations are being directed 
toward the development of techniques and materials to 
regenerate dentin, pulp, periodontal ligaments, and even 
whole root structures.

The dentin-pulp complex offers a particularly attractive 
target for regeneration because the pulp chamber has a nearly 
ideal environment, and such an achievement would lay  
the foundation for eventual whole-tooth replacement (Sloan 
and Smith, 2007). For example, Huang et al. (2009) discov-
ered that stem cells retrieved from dental pulp produce pulp-
like tissue in an emptied human root canal, together with the 
deposition of dentin-like mineralized tissue on the canal 
walls. Yet another step toward regenerative endodontics was 
taken when cells from human exfoliated deciduous teeth were 
observed to generate a dental pulp tissue when blended with 
nanofiber peptides as scaffold materials and injected into root 
canals. A similar approach by (Galler et al., 2008) using the 
self-assembling peptide amphiphiles (PAs, discussed above) 
as scaffolds to encapsulate stem cells, taken from deciduous 
teeth, revealed that they proliferate and secrete a soft collagen 
matrix. Similarly, dental pulp stem cells differentiate into an 
osteoblast-like phenotype and deposit mineral when encap-
sulated. In addition to pulp and dentin, such a PA/dental stem 
cell biological delivery system also has potential as a treat-
ment for dental caries by promoting the regeneration of min-
eralized as well as soft tissue. These examples demonstrate the 
feasibility of clinical regeneration of the dentin-pulp complex. 
At this time many challenges remain, and regeneration may 
never be applicable for all clinical circumstances. However, it 
is foreseeable in the relatively near term that stem cell/tissue 
engineering therapies will become available to stimulate pulp 
to deposit dentin and continue the natural developmental 
root growth of noninfected, accidentally injured immature 
teeth.

Regeneration of the tooth root represents yet another fea-
sible near-term goal rather than the regeneration of the whole 
tooth. Arguably the adult tooth owes more of its biological 
vitality to the root than to the crown. This possibility was 
demonstrated by transplantation of a root-shaped calcium 
phosphate mineral block loaded with swine stem cells from 
apical papillae (SCAPs), which was coated with a resorbable 

CRITICAL QUESTION
In what ways do emerging diagnostic tests and processes improve 
the quality of dental treatment?

?

INSTRUMENTS AND PROCESSES

DIAGNOSTIC DEVICES AND TECHNIQUES

A variety of new and evolving modern diagnostic techniques 
have been introduced in recent years for caries, periodontal 
disease, oral cancer, herpes simplex infection, and candidiasis 
as well as for incipient fractures and various other traumatic 
conditions. Several promising alternatives are also either in 
development or under investigation. Some are based on 
instruments that produce images directly from the patient, 
while others utilize saliva or other biological specimens taken 
from the patient and analyzed separately. Those that are based 
on diagnostic instruments include radiographic, optical, laser 
fluorescence, ultrasound imaging, and electrical conductance 
technologies. A selected group of those that appear to be the 
more promising in the near term are discussed below.

Cone-Beam Computed Tomography (CBCT)

Digital x-ray imaging systems are evolving to use more  
CBCT. In dentistry CBCT provides high resolution, low dis-
tortion, and digital imaging of the hard tissues of the head. 
Instead of pixels, the resolution is measured in voxels, and 
the images are often sharper than conventional CT images. 
The term cone-beam refers to the cone shape of the x-ray 
beam, unlike conventional CT, which uses a fan-shaped beam 
to create multiple thin slices. CBCT produces Panorex and 
cephalometric projections, which become three-dimensional 
images when the data are reformatted in a volume. The 
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simultaneously with fluorescent images. The image pairs aid 
direct visual assessment and provide a comparison that high-
lights such features as leaking restoration margins and  
secondary caries, occlusal and interproximal caries, sealant 
integrity and cariogenic activity under sealants, as well as 
calculus and gingivitis (de Josselin de Jong, 2009).

Laser Photothermal Radiometry (PTR)

PTR detects modulated thermal infrared (black-body) radia-
tion emitted from hard dental tissue that results from absorp-
tion of laser light and its nonradiative energy conversion into 
heat, creating a small temperature rise. In translucent materi-
als such as enamel and dentin, depth information is obtained 
following optical-to-thermal energy conversion and trans-
port of the incident laser power in two distinct modes:  
(1) conductively from a near-surface distance (50 to  
500 µm) controlled by the thermal diffusivity of enamel and 
radiatively through black-body emissions from several- 
millimeter depths owing to optical penetration of the dif-
fusely scattered laser-induced optical field and (2) partial 
infrared transparency (infrared “spectral windows”) of the 
hard dental tissue, which allows the thermal photons to exit 
the enamel and register on the detector.

Two variations on this emerging nondestructive technol-
ogy for exploiting the optothermophysical properties of  
teeth have recently been reported in a series of papers  
(Amaechi, 2009; Helen et al., 2011; Tabatabaei et al., 2011). 
Both take advantage of the effects that changes in porosity 
and the crystalline status of enamel have on thermal and 
optical properties of hard tissues, caused by cariogenic demin-
eralization and formation of subsurface lesions. As demineral-
ized lesions grow, optical scattering increases, optical 
absorption also increases, and thermal conductivity and dif-
fusivity decrease. The two distinct detection modalities are:

1.	 Infrared photothermal radiometry and modulated lumi-
nescence (PTR-LUM). PTR-LUM (Quantum Dental Tech-
nologies, Inc., Toronto, Canada) scans a tooth with a 
low-power pulsating (modulated) laser light. The light is 
scattered and absorbed by the tooth and two phenomena 
are observed: the laser light is absorbed and re-emitted at 
a longer wavelength as luminescence and heat is generated 
(less than 1 °C). Simultaneous measurement of the two 
phenomena, heat (mid-IR) and light (near-IR) provides 
information on the presence and extent of decay up to a 
depth of a few millimeters below the surface.

2.	 Thermophotonic lock-in imaging (TPLI) using a spread 
laser beam illuminating the whole tooth and a midinfrared 
camera in the lock-in mode, producing images at a fixed 
frequency.

TPLI is an extension of PTR into a full imaging modality. 
It uses the same physical photothermal wave principles as 
PTR: increased light scattering and absorption by a carious 
lesion increases the thermal-wave amplitude and shifts the 
thermal-wave centroid closer to the surface, producing con-
trast between a carious lesion and intact enamel in both 
amplitude and phase images. TPLI phase images are 

images that result can be manipulated with the instrument’s 
visualization software from any point of view (e.g., in the 
axial, coronal, sagittal, and cross-sectional planes). Layers can 
be “peeled away” to show hidden underlying anatomical 
structures and defects. The slice thickness can be changed, 
and the structures can be tilted, zoomed, and highlighted. 
These are views that most dentists have not seen previously. 
Treatment decisions can change drastically with the advent of 
such advanced views.

Swept-Source Optical Coherence Tomography (SS-OCT)

This CBCT-related technology uses infrared laser optics 
rather than x-rays and can generate high-resolution cross-
sectional images of microstructures in biological systems. It 
has been under development for many years for various 
medical imaging tasks, including examination of the oral 
cavity (Otis et al., 2000). but has recently shown significant 
progress such that development of a practical device may well 
be available for dental applications within a few years  
(Shimada et al., 2010). This nonionizing real-time tomo-
graphic technology is capable of detecting structural flaws 
and variations at a submicron scale and has shown promise 
for a variety of dental diagnostic tasks. For example, it may 
prove useful in monitoring the accuracy of composite restora-
tion placement, the development of polymerization contrac-
tion gaps, detection of vascular lesions, and detection of 
occlusal caries.

Laser-Induced Fluorescence

“Quantitative light-induced fluorescence” (QLF; Inspektor 
Research Systems, Amsterdam, The Netherlands) is a well-
advanced technology but still not widely used in routine 
dental practice. The QLF method is based on the autofluores-
cence of teeth and of certain plaque microorganisms. When 
teeth are illuminated with high-intensity blue light, they emit 
light in the green part of the spectrum, which diminishes 
when less mineral content is present in the enamel. Bacterial 
metabolic activity and plaque formation produce porphyrin-
type biological pigments, which fluoresce bright red. Thus 
QLF-based instrumentation detects and quantifies de- and 
remineralization of dental tissue as well as bacterial activity. 
It is a simple yet effective way to reveal lesions in teeth well 
before they become frank lesions or cavities. White spot 
lesions (early dental caries) are detected and quantified as 
well as bacterial metabolic activity on and in the teeth. When 
lesions are identified at an early stage, the teeth will repair 
themselves if good oral hygiene practices are followed.  
The technique provides a measure of the degree of existing 
enamel demineralization via a small video sensor. Thus, it is 
possible to collect a digital image of each tooth, which  
can then be visualized on the screen and analyzed for the 
amount of enamel loss. It allows either the dentist or oral 
hygienist to provide the patient with immediate information 
and a direct incentive to monitor the quality of oral care 
procedures.

A recent addition to QLF instrumentation (QLF-D BiLu-
minator) allows ordinary white light images to be collected 
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Liquid-Based Cytology

This is a relatively new, FDA-approved screening technique 
for oral infections. It is based on the minimally invasive col-
lection of transepithelial mucosal cells and other microbio-
logical aspects for processing and evaluation. With liquid 
cytology, the clinician can request tests for several general-
ized oral conditions such as herpes simplex infection  
and candidiasis, or suspicious areas of leukoplakia or eryth-
roplakia (OralCDx, CDx Laboratories, Suffern, NY). Cytol-
ogy provides the evidence needed to determine if an 
immediate invasive full-thickness biopsy procedure should 
be performed (Scheifele et al., 2004).

Acceptance and utilization of such diagnostic technologies 
as CBCT, QLF, and salivary genetic testing are already at  
hand and growing. The use of these and many of the others 
is expected to increase in the near future, with positive ben-
efits for both the dental profession and its patients.50,53,55,57 
Each technique varies in its mode of action and capability as 
a diagnostic aid. For most dental diagnostic tasks, differences 
in presentation and behavior among anatomic sites make it 
unlikely that any one diagnostic modality will have adequate 
sensitivity and specificity for all circumstances. Thus, a com-
bination of diagnostic tools will continue to be needed to 
reliably diagnose oral diseases and conditions earlier, and to 
provide corrective or preventive treatment at a stage where it 
can be more effective.

emissivity-normalized (just as PTR phases are) and therefore 
are insensitive to the presence of surface stains. Amplitude 
images provide integrated information from deeper enamel 
regions due to the radiative contributions that overlap con-
ductive heat transfer. TPLI imaging is noncontacting and is 
reported to have higher sensitivity to very early demineraliza-
tion than do dental radiographs (Tabatabaei et al. 2011).

Ultrasound Imaging

Better termed ultrasonography, this well-established medical 
diagnostic imaging technique has recently shown promise for 
high-resolution imaging with enhanced specificity and sensi-
tivity for the early detection and monitoring of several oral 
pathologies. Ultrasonography is nonionizing and noninvasive 
and, with further development, it seems likely that handheld 
devices will become available within a few years for the detec-
tion of enamel and dentin demineralization caused by caries 
under and around existing restorations and on occlusal and 
interproximal surfaces as well as for the detection of cracks, 
calculus, and periapical lesions (Ghorayeb et al., 2008; 
Hinders et al., 2010).

Infrared Spectroscopy for Multiple  
Inflammatory Parameters

An optical spectroscopy instrument is under development to 
enhance the early detection and monitoring of peri-implant 
inflammation and thereby reduce the number of implant fail-
ures (Nogueira-Filho et al., 2011). The instrument uses 
visible, near-infrared spectroscopy to measure alterations in 
regional tissue hemodynamics in periodontal tissue. Tissue 
oxygenation at peri-implantitis sites is substantially reduced 
compared with healthy sites owing to increases in deoxyhe-
moglobin and a decrease in oxyhemoglobin at the peri-
implantitis sites. To diagnose these changes, the instrument 
simultaneously measures tissue oxygenation, total tissue 
hemoglobin, deoxyhemoglobin, oxygenated hemoglobin, 
and tissue edema.

Salivary Genetic Testing

This technology is emerging as a molecular biology–based 
analytical test for use with periodontal disease and oral 
cancer. Easily administered, chair-side salivary assessments 
such as those performed by OralDNA Labs (Brentwood, TN) 
can identify patients whose genetic susceptibility to peri-
odontal disease may put them at increased risk. This genetic 
testing for the interleukin-1 (IL-1) gene cluster, a significant 
inflammatory mediator, complements other periodontal 
screening procedures and other salivary bacterial DNA tests 
for specific oral pathogens. Saliva analysis is used to screen 
for oral human papillomavirus (HPV), especially the variants 
HPV-16 and HPV-18 as potential etiologic agents in the 
development of squamous cell carcinoma of the head and 
neck. Diagnostic testing will continue to expand and enhance 
treatment modalities. The use of this type of testing can also 
assist in achieving patient acceptance of needed treatment 
and cooperation with the clinician to improve periodontal 
health (McGlennon, 2011).

CRITICAL QUESTION
How does CAD-CAM production of dental prostheses differ from 
the processes of stereolithography, robocasting, powder-bed 
ink-jet printing, and laser scanning?

?

COMPUTER-DRIVEN FABRICATION SYSTEMS

Existing dental CAD/CAM systems vary dramatically in their 
capabilities. None can yet acquire data directly in the mouth 
and produce the full spectrum of restoration types that can 
be created by traditional dental laboratory techniques, 
although materials and indications continue to expand. Both 
copy milling and true CAD-CAM systems have been devel-
oped. Ceramic and metal crowns and metal superstructures 
(overdenture bars) have been made using subtractive 
(machining) of blocks of zirconia, leucite-containing porce-
lain, filled resins, cobalt-chromium alloy, and titanium. Tem-
porary crowns can be made in the lab using CAD-CAM 
systems that are either “additive” or “subtractive.” The additive 
systems use the free-form buildup of a design from a resin 
that is cured “voxel by voxel” to create the device, using a 
resin that is cured in special computer-controlled lab equip-
ment and cured with ultraviolet light. Refinements and 
esthetic improvements are expected for all of the present 
systems (Beuer et al., 2008).

Three-dimensional printing techniques are being devel-
oped for the formation of ceramic or resin composite restor-
atives. Printing techniques will be a fruitful area where more 
sophisticated equipment and technologies can enable the  
use of enhanced dental materials, especially for fixed 
prosthodontics.
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Optical scanning of teeth will become the norm. The use 
of optical scanners will reduce the demand for impression 
materials and dental stone for fabrication of restorative 
crowns and other prostheses. Optical scanning of full arches 
is changing the methods of generating orthodontic treatment 
plans as well as complex restorative cases.

Three-dimensional printing techniques are beginning to 
be used to fabricate the metal framework of dental crowns 
and bridges. Other techniques are being developed in three-
dimensional printing for more advanced dental applications, 
including the creation of bone-graft scaffolds (Vorndran et 
al., 2010). As noted above, a variety of techniques can be used 
to build solid objects with different resolutions and materials. 

FIGURE 21-2  The technologies available for three-dimensional printing. A variety of techniques can 
use various materials to build solid objects with different resolutions. (Adapted from Butscher A, Bohner, 
M Hofmann S, Gauckler L, R. Müller R: Structural and material approaches to bone tissue engineering in 
powder-based three-dimensional printing, Acta Biomaterialia Mar;7(3):907–920, 2011.)

TECHNIQUE
SMALLEST
PRINTABLE
FEATURE

MATERIALS

Laser cures
photopolymer

as platform lowers
into liquid vat.

Stereolithography

Photopolymers

Laser sintering

Laser melts powder
rolled onto platform.
Platform lowers with
each layer printed.

Metals
Polymers

Powder-bed ink-jet
printing

Printhead sprays liquid
binder onto powder to fuse
layers. Platform lowers with

each layer printed.

Robocasting

Syringes extrude fluid
materials that harden
on lowering platform.

Fused deposition
modeling

Heated extruder melts
plastic filament, which

cools on lowering platform.

Extruder

Filament

Syringe

Roller

Roller

Printhead

Laser

Laser

1   70   m

45   100   m

350   500   m

200   400   m

260   700   m

Ceramics
Metals

Polymers

Biopolymers
Some metals

Food

Thermoplastics

Those developed to date are summarized in Figure 21-2  
(Wolf, 2010).

Emerging technologies may expand the capabilities of 
future systems dramatically, but they will require a different 
type of dentistry skill or laboratory technical training to 
enable their use to full effect.

COMPUTER-AIDED EDUCATIONAL SYSTEMS

Haptic Technology

Dental education may add haptic technology to reduce  
the risk to patients during training and to enhance the  
learning experience. Haptics involves the electromechanical 
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mechanism for faculty and practitioners to comment on spe-
cific CATs. 

ENVIRONMENTAL CONSIDERATIONS

GREEN DENTISTRY

Dental offices in the United States flush an estimated 25 
million gallons of clean drinking water down the drain every 
day, generate some 5000 pounds of mercury-laden amalgam 
waste, and somehow get rid of huge amounts of other chemi-
cals and disposable plastics. The Eco-Dentistry Association 
(EDA) is leading a movement to “green” America’s 125,000-
plus dental offices. As of 2008, dental offices in 45 states and 
13 other countries have joined the organization and pledged 
to reduce their impact on the environment. Such initiatives 
include installing amalgam separators, using digital x-ray 
imaging in place of photographic images, replacing disposable 
lab coats with washable coats, using suppliers that offer envi-
ronmentally sound products and services, and installing 
energy-efficient lamps and other equipment. These changes 
have been found not only to substantially reduce environmen-
tal impact but also to lead to substantial cost savings and other 
benefits. Micrylium Laboratories of Toronto is one example of 
a dental products supplier that specifically focuses on green 
products. For example, the company provides disinfectants 
for surfaces, immersion, and dental water lines that are not 
only environmentally safe but also have fast, clinically relevant 
kill times. Another example is an evacuation system detergent 
that both disinfects the tubing and also chelates mercury to 
enhance amalgam separation. Such products and other envi-
ronmental initiatives are gaining acceptance and will quite 
likely become the standard of practice in the near future.

SUMMARY

This chapter has focused on technologies that have been 
developed but that have not yet been fully implemented as 
well as those that have not yet passed the proof-of-concept 
stage shown in the “level of evidence” section of Figure 21-1. 
Dental school educators and practicing dentists whose focus 
is on disease prevention, minimally invasive dentistry, and 
improved methods for extending the survivability of restora-
tions will seek technologies that relate to processes promoting 
remineralization, and they will continue their search for 
improved technologies in these areas for years to come. More 
importantly, they will continue to search also for more sensi-
tive and specific means of detecting the early stages of lesion 
development, and for three-dimensional imaging of reminer-
alization. To be successful, these technologies must be more 
sensitive than current diagnostic methods. Thus, improved 
monitoring of early caries lesions will be essential to judge 
whether or not proposed methods and materials of disease 
management can be successful in ensuring remineralization 
and avoiding surgical intervention. If judged to be successful, 
these technologies and diagnostic methods would satisfy the 
“proven technologies, materials, and devices” outcome of 
Figure 21-1.

stimulation of interactions with virtual objects—that is, those 
existing only in a computer simulation. This process has been 
described as “doing for the sense of touch what computer 
graphics does for vision.”62 Although haptic devices are 
capable of measuring bulk or reactive forces applied by the 
user, they should not be confused with touch or tactile sensors 
that measure the pressure or force exerted by the user on the 
interface.

Haptic technology has made it possible to investigate in 
detail how the human sense of touch works by allowing the 
creation of carefully controlled haptic virtual objects. These 
objects are used to systematically probe human haptic capa-
bilities, which would otherwise be difficult to achieve. These 
new research tools contribute to our understanding of how 
touch and its underlying brain functions work.

Just-in-Time Learning

One of the most serious challenges facing health professionals 
is the explosion of new biomedical information and products. 
The “just-in-time learning” approach entails learning skills 
that allow the clinician to quickly find new knowledge related 
to a patient’s specific problem, when needed, at the point of 
care. This is in contrast to passively reading professional 
journal articles, attending continuing education courses, and 
attempting to assimilate large quantities of information some 
of which may never be used.

To provide dental professionals with a means of keeping 
up-to-date after graduation, a program for teaching the just-
in-time approach as well as for acquiring evidence-based 
practice (EBP) information has recently been developed 
(Rugh et al., 2010; Rugh et al., 2011) based on a model in 
which dental students are taught four EBP skills that enable 
them to:

1.	 Ask focused questions (in a PICO format, where “P” 
stands for the patient or problem; I, the intervention; 
C, the comparison intervention; and O, the outcome). 
That is, “For a patient with (problem A), how does 
(intervention B) compare with (comparison C) with 
regard to outcome D)?”

2.	 Use a systematic PubMed search strategy to find the 
highest level of evidence.

3.	 Critically evaluate the evidence.
4.	 Make clinical judgments about the applicability of the 

evidence for the patients.

A searchable online critically appraised topics (CATs) 
library related to clinical dental problems has been estab-
lished and currently includes over 400 CATs developed by 
students, residents, and faculty. The library is available online 
at https://cats.uthscsa.edu/ for not only  practicing dentists, 
but also educators, researchers, and the general public. The 
CATs Library provides key word–searchable topics. Each 
topic is presented as a structured one-page summary and 
critique of the best available evidence on a focused question. 
The library serves as a rapidly accessible source of evidence-
based information for use in making on-the-spot clinical 
dental decisions. The library also includes a feedback 
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evolve. What is perfectly clear from this overview of emerging 
technologies is that sustained collaboration among specialists 
in the various areas of research and clinical practice will be 
essential to expedite the development of these technologies 
and for fully evaluating their effectiveness in solving clinical 
problems and for improving oral health outcomes overall.
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For product developers, laboratory technologists, oral sur-
geons, and prosthodontists, innovative technologies related 
to oral and maxillofacial reconstruction methods offer several 
pathways to improved oral health care. Although several 
innovative methods for prosthesis construction in lab settings 
have already emerged and others are emerging, the search 
will continue for biological technologies that will allow 
“natural” regeneration of lost or diseased tissues.

Finally, for materials scientists, implantologists, molecular 
biologists, cell biologists, and geneticists, this chapter will 
hopefully serve as a platform from which further innovative 
technologies for oral and maxillofacial applications can 

SELECTED READINGS

Useful Websites (accessed February 2012)
The Inside Scoop. Interviews with Oral Health Researchers. A variety 

of subjects and technologies under development are reviewed via 
interviews with key scientists supported by the NIH National 
Institute of Dental and Craniofacial Research. Recent subjects 
include biomimetics, building a tooth, craniofacial research, 
dental composites, dental practice-based research networks, diag-
nostics, genes/genetics, head and neck cancer, health disparities, 
pain/inflammation, periodontal disease, research training exper
iences, salivary disorders/dry mouth and TMJ disorders. http://
www.nidcr.nih.gov/Research/ResearchResults/InterviewsOHR/

Library of critically appraised topics related to clinical dental prob-
lems. The “CAT” library provides key word–searchable topics. 

Each topic is presented as a structured one-page summary and 
critique of the best available evidence on a focused question. The 
library is designed as a rapidly accessible source of evidence-
based information for use in making clinical dental decisions. 
https://cats.uthscsa.edu/

The Eco-Dentistry Association. Information about the association 
and resources to develop “green” dental practices. http://
www.ecodentistry.org/?page=AboutGreenDentistry

Dental Restorative Materials—A Pollution Prevention Perspective. 
Information regarding the health, safety, and environmental 
issues arising from the chemical ingredients used in dental 
restorative materials. http://wsppn.org/studies/dental-chemical-
use/fact-sheets/restorative-materials/
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