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Bone grafts are typically categorized into four categories: autografts, allografts, xeno-

should be slowly resorbed and replaced with native bone over time, accumulating evi-
dence has in fact suggested that the use of nonresorbable xenografts is favored for
certain clinical indications. Thus, many clinicians take advantage of the nonresorbable
properties/features of xenografts for various clinical indications, such as contour aug-
mentation, sinus grafting, and guided bone regeneration, which are often combined
with allografts (e.g., human freeze-dried bone allografts [FDBAs] and human dem-
ineralized freeze-dried bone allografts [DFDBASs]). Thus, many clinicians have advo-
cated different 50/50 or 70/30 ratios of allograft/xenograft combination approaches
for various grafting procedures. Interestingly, many clinicians believe that one of the
main reasons for the nonresorbability or low substitution rates of xenografts has to
do with their foreign animal origin. Recent research has indicated that the sintering
techniqgue and heating conducted during their processing changes the dissolution rate
of hydroxyapatite, leading to a state in which osteoclasts are no longer able to resorb
(dissolve) the sintered bone. While many clinicians often combine nonresorbable xeno-
grafts with the bone-inducing properties of allografts for a variety of bone augmen-
tation procedures, clinicians are forced to use two separate products owing to their
origins (the FDA/CE does not allow the mixture of allografts with xenografts within
the same dish/bottle). This has led to significant progress in understanding the dissolu-
tion rates of xenografts at various sintering temperature changes, which has since led
to the breakthrough development of nonresorbable bone allografts sintered at similar

temperatures to nonresorbable xenografts. The advantage of the nonresorbable bone
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1 | INTRODUCTION

To develop or maintain optimal dimensional stability in alveolar bone
to support teeth and implants, sufficient bone volume in the vertical
and horizontal dimensions is mandatory.! For these reasons, bone
grafting materials have played a pivotal role in modern dentistry. The
concept of utilizing bone grafting materials has a history of more
than 30years. Procedures such as ‘guided tissue/bone regeneration’
(GTR/GBR) were introduced to the field of periodontology and im-
plant dentistry to promote new alveolar bone formation in deficient
tissues.?™

Today, more than 100 bone grafting materials exist on the market.
These include autografts (derived from the same patient), allografts
(derived from a human cadaver), xenografts (derived from other ani-
mal species and plants), and synthetically fabricated aIIopIasts.6 Each
of these classes of bone grafts offers various advantages and dis-
advantages based on their respective handling properties, biocom-
patibility, surface geometry and chemistry, mechanical properties,
and degradation properties. While autogenous bone is considered
the gold standard combining the features of osteoconduction, os-
teoinduction and osteogenesis, as highlighted in the previous article
titled “Optimized bone grafting”,” alternative bone grafting materials
available in higher supply with less patient morbidity have always
been a desired end goal for clinicians.

Bone allografts are an excellent replacement option with good
osteoconductive properties and certain types are known to be os-
teoinductive due to their release of bone morphogenetic proteins
(BMPs) in demineralized freeze-dried bone allografts (DFDBAs).2
Xenografts on the other hand are also a highly utilized bone graft-
ing material, especially in countries where the use of allografts is
not permitted. Xenografts were first developed to act as a standard
replacement material similar to allografts, it has since been revealed
that unlike allografts, xenografts typically do not resorb over time,
and in particular, the intensively studied deproteinized bovine bone
mineral (DBBM, Bio-Oss®, Geistlich, Switzerland) has been char-
acterized as a nonresorbable material in many studies due to its
histological stability over time. This article first highlights the use
of xenografts in regenerative dentistry with special attention to
DBBM grafting particles as a nonresorbable material. Thereafter,
an improved understanding of the dissolution rates of DBBM is ad-
dressed, including the graft material changes made as sintering takes

allograft is that they can now be combined with standard allografts to create a single
mixture combining the advantages of both allografts and xenografts while allowing
the purchase and use of a single product. This review article presents the concept with
evidence derived from a 52-week monkey study that demonstrated little to no resorp-
tion along with in vitro data supporting this novel technology as a “next-generation”

biomaterial with optimized bone grafting material properties.

allograft, anorganic bovine bone mineral, Bio-Oss, deproteinized bovine bone mineral

place at higher temperatures. Thereafter, an approach to the sinter-
ing of bone allografts similar to that of xenografts, at temperatures
ranging from 300 to 1300°C for 1-4h, is presented. In vitro data
investigating their regenerative properties along with 16- and 52-
week data in monkeys confirm their nonresorptive properties when
sintered at high temperatures. This work provides the groundwork
for the fabrication of nonresorbable bone allografts (NRBAs) and
highlights the impact of combining them with standard allografts in
various ratios to obtain a single next-generation biomaterial for bone

grafting.

2 | BIOLOGICAL BACKGROUND: USE OF
NONRESORBABLE MATERIALS

While it was initially relatively unknown to what extent bone re-
sorption would occur following bone augmentation procedures with
xenografts, the most prominent advantage of these biomaterials
remains that bone augmented with xenografts seemed to maintain
their structure even years following their surgical implantation.
Unlike allografts, which are prone to dimensional resorption over
time, xenografts maintain their volume owing to their nonresorbable
properties. Accordingly, a variety of procedures in dentistry have
since been adapted to take advantage of these low-substitution rate
materials.

The most widely used xenograft in the world is DBBM (Bio-Oss®,
Geistlich, Switzerland). Today, DBBM is perhaps the most widely re-
searched bone grafting material in the dental field, with widespread
use throughout the world. It is also understood that the main advan-
tage of DBBM is that it maintains volume, and the graft is deemed
low- or nonresorbing (Figure 1). Accordingly, DBBM particles have
been utilized in a number of clinical applications, including contour
augmentation in implant dentistry (especially in the esthetic zone),
filling narrow gaps in immediate implant placement, sinus augmenta-
tion procedures, vertical augmentation procedures, and major bone
reconstructive surgery following cancer. As reviewed previously, xe-
nografts typically are not able to elicit much osteoinduction to the
graft and have limited or no ability to affect cell recruitment owing to
their lack of growth factor incorporation (deproteinized/anorganic
bovine bone mineral), yet possess the ability to remain within defect
sites even years after their implantation.”
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FIGURE 1 (A)Multinucleated

giant cells (MNGCs) (*) situated on a
deproteinized bovine bone mineral
(DBBM) surface of a particle placed in
the soft tissue outside the bone defect.
Pronounced resorption lacunae are seen
(arrows). (B) TEM magnification of the
upper right region in (A). A multinucleated
giant cell with two nuclei (N) in a
resorption lacuna on DBBM. A blood
vessel (BV) is seen directly next to the
MNGC, which is common during bone
remodeling. The MNGC demonstrates a
sealing zone (SZ) and ruffled border (RB).
(C) Higher magnification of the sealing
zone (SZ). (D) Higher magnification of
the ruffled border (RB). Reprinted with
permission from Jensen et al.’?

FIGURE 2 |lllustration demonstrating early implant placement in
the aesthetic zone. Implants are placed slightly palatally following
8weeks of healing. In this dual-layer bone grafting procedure,
autogenous bone chips (*) cover the exposed implant surface

and are augmented with a second layer of low-substitution filler
DBBM (**). The augmentation material is covered with a collagen
membrane as a temporary barrier. The biomaterials are protected
by tension-free primary wound closure. Reprinted with permission
from Buser “20years of Guided bone regeneration in implant
dentistry”.

2.1 | Clinical indications for using xenografts
The previous article titled “Optimized Bone Grafting”’ highlighted

the various roles and indications for the use of xenografts in implan-
tology. One of the main applications has been its use as a preferred
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graft for contour grafting (also often referred to as veneer grafting).
Figure 2 illustrates such a layering technique, where autogenous
bone is utilized adjacent to the implant surface, and sintered xeno-
grafts are commonly used as an outer layer because their low sub-
stitution rate/nonresorbability allow better maintenance over time.
This technique combines the advantages of the highly osteogenic/
osteoinductive autograft on the implant surface to speed bone-to-
implant contact with nonresorbable DBBM particles on the outer
surface to contour the bone and act as a “shield.” From a surgical
standpoint, in the esthetic zone, contour augmentation procedures
are typically performed after an 8-week healing period following
tooth extraction to allow sufficient soft tissue regrowth and bone
remodeling (and buccal plate resorption) to take place.

Similarly, xenografts have been heavily utilized and studied during
sinus grafting procedures. Many clinicians have further advocated a
mixture of DBBM and freeze-dried bone allograft (FDBA) mixed in
a 50:50 ratio to take advantage of both the nonresorbability of xe-
nografts and the better bone-inducing properties of allografts.'>!!
Similarly, vertical bone augmentations often relapse following bone
growth. Therefore, nonresorbable xenografts have been added to

autografts and/or allografts to maintain bone long term 101

3 | UNDERSTANDING SINTERING AND
TEMPERATURE CHANGES OF ALLOGRAFTS
AND XENOGRAFTS

In recent years, there has been a notable increase in scholarly investi-
gations pertaining to burnt bone analysis. This surge has contributed
to a more nuanced comprehension of the intricate transformations
within the bone matrix during burning at varying temperature levels.
Moreover, these transformations have yielded valuable insights into
the interpretive potential of skeletal remains. Consequently, numer-
ous scholarly articles have been published offering comprehensive
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overviews of the latest advancements in the field of burnt bone
analysis.1?716

Essentially, heated bone goes through a series of four
changes.*> First, it undergoes dehydration, where the hydroxyl
bonds break, and water loosely bound to the bone structure is lost.
Second, decomposition occurs, during which pyrolysis eliminates the
organic constituents of the bone. The third stage is inversion, where
the bone loses its carbonate content. The fourth and final stage is
fusion, where the crystal matrix of the bone melts and merges. The
different phases of micro- and nano-structural transformations re-
sultin noticeable changes in various aspects of bones, including their
color, shape, internal structure, mechanical properties, and crystal
arrangement. When bones are subjected to fire, they go through
several well-defined stages, collectively referred to as ‘burnt bone’.
Specifically, “charred bone” pertains to bone that has come into di-
rect contact with a heat source, leading to a blackened appearance
caused by the carbonization of both skeletal material and soft tis-
sue. Bone that has undergone a process known as “calcination” or
“incineration” has been subjected to high temperatures, resulting in
the complete removal of all organic components and moisture. This
transforms the bone into a white, distorted, “fractured state”.”

Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) are methods used to analyze the thermal behavior
of materials as they are heated. These techniques provide valuable
information regarding the properties of materials and their phase
transitions under various temperature conditions.*®23 During these
investigations, researchers have used a combined TGA-DSC ap-
proach to examine how varying temperatures and heating rates af-
fect the decomposition of hard tissue in the skeletal structure.

The study's findings revealed important insights. First, when sub-
jected to rapid heating, the bone matrix showed a delay in the onset
of phase changes, requiring higher temperatures for these changes
to begin. Second, the progression of matrix changes within a specific
phase was significantly influenced by the heating rate. Slower heat-
ing rates or prolonged exposure times promoted the advancement
of decomposition within a given phase. However, it was observed
that the transition to a different material phase only occurred after
reaching a critical “activation temperature.”?*

The structure of the bone's extracellular matrix is made up of
three primary components: a mineral phase, making up approx-
imately 65% of its weight; an organic phase, constituting approxi-
mately 25% of its weight; and water, comprising the remaining 10%
of its weight.?® The mineral phase comprises a hydroxyapatite vari-
ant known as dahllite, which exhibits poor crystallinity and nonstoi-
chiometry. This form of hydroxyapatite (Ca,,(PO,),(OH),) contains
many elemental replacements, including but not limited to magne-
sium and other ions. Among these substitutions, carbonate is the
most prevalent, accounting for approximately 3-8% by weight.18

The primary constituent of the organic matrix is type | collagen,
whereas other constituents consist of noncollagenous organic pro-
teins, particularly phosphoproteins. These phosphoproteins may
contribute to the control of crystal dimensions, alignment, and

structure within the mineral matrix.24?’

The existing body of research confirms the weight loss patterns
seen in heated bone, which may be categorized into three distinct
phases (Figure 3). The first stage occurs at temperatures below
200°C, followed by a second stage between 200 and 600°C, and fi-
nally, a third stage between 700 and 900°C. Weight loss has been
shown to be insignificant at temperatures over 900°C.28-22 The first
stage of weight loss is associated with the release of water attached
to the bone matrix, referred to as the “dehydration” phase. The subse-
quent stage, known as the “decomposition” phase, is ascribed to the
breakdown of the organic components of the bone, namely, collagen,
by combustion. The last stage of weight loss mostly occurs as a result
of the liberation of carbon dioxide (CO,) generated during carbonate
breakdown. The presence of hydroxide ions is seen in conjunction
with the recrystallization of the mineral apatite during the “inver-
sion” phase. The concluding stage of bone transformation, which
takes place at temperatures over 900°C, is often referred to as the
“fusion” phase. In this phase, a substantial reduction in weight is not
seen. Instead, the primary features of this phase are the melting of the
crystallites and the process of sintering, together with the emergence
of a new mineral phase known as B-tricalcium phosphate ([3—TCP).13'23

The second stage of weight loss, known for its heightened inten-
sity, may be linked to burning organic components, leading to the
exothermic process of hydroxyapatite recrystallization. The dissolu-
tion of carbonate at approximately 450°C is accompanied by a short
endothermic phase, followed by a pronounced exothermic phase
when the collagen in the bone undergoes combustion, reaching its
peak at approximately 500°C. Concurrently, the recrystallization of
minerals takes place. The exothermic nature of the process persists
until reaching temperatures of 750-800°C, beyond which the min-
erals undergo sintering and melting, resulting in a somewhat endo-

thermic phase.

4 | UNDERSTANDING DISSOLUTION
RATES OF HYDROXYAPATITE FOLLOWING
SINTERING

Despite the extensive body of research dedicated to examining the dis-
solution rates of different ceramics, the understanding of the biologi-
cal, chemical, and physical factors behind the process of bioresorption
in bone grafts remains limited. Notably, two great studies investigating
this topic have been published previously by Marc Bohner's group in
Switzerland.?®?? The three main parameters involved in bioresorp-
tion have previously been reported as (1) solubility, (2) kinetics, and (3)
in vivo conversion.?’ The aforementioned calcium phosphates (CaPs)
are of special importance in the context of in vivo applications due
to their presence in living organisms, which distinguishes them from
conventionally implanted CaPs such as p-tricalcium phosphate (8-TCP;
Ca3(P04)2) and sintered hydroxyapatite (sintered HA; Table 1).29-31
The medical field mostly employs high-temperature calcium phos-
phates (CaPs) with typical characteristics, such as B-TCP, hydroxyapa-
tite (HA), and bicalcium phosphate (BCP) composites consisting of
B-TCP and HA.?8
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FIGURE 3 Average thermogravimetric analysis (TGA) curves of bones subjected to differing heating regimes. Reprinted with

permission.24

TABLE 1 Main calcium phosphate compounds (CPC): the first six compounds precipitate at room temperature in aqueous systems; the
last six compounds are obtained by thermal decomposition or thermal synthesis.

Ca/P In vivo
Name Formula (molar) Mineral Symbol  behavior
Monocalcium phosphate monohydrate Ca(H,PO,),H,0 0.50 - MCPM Biosoluble
Dicalcium phosphate CaHPO, 1.00 Monetite DCP Biosoluble
Dicalcium phosphate dihydrate CaHPO, 2H,0 1.00 Brushite DCPD Biosoluble
Octacalcium phosphate CagH,(PO,), 5H,0 1.33 = ocpP Bioresorbable
Precipitated hydroxyapatite® Ca,o,(HPO,) (PO,), (OH), 1.33-1.67 - PHA Bioresorbable
Amorphous calcium phosphate Ca,(PO,),nH,0 where n=3-4.5; 15-20% H,0O 1.50 - ACP Biosoluble
Monocalcium phosphate Ca(H,PO,), 0.50 - MCP Biosoluble
a-Tricalcium phosphate a-Ca,(PO,), 1.50 - a-TCP Biosoluble
B-Tricalcium phosphate p-Cay(PO,), 1.50 - B-TCP Bioresorbable
Sintered hydroxyapatite Ca,,(PO,),(OH), 1.67 Hydroxyapatite SHA Bioresorbable
Oxyapatite Ca,,(PO,),O 1.67 - OXA Bioresorbable
Tetracalcium phosphate Ca4(PO4)ZO 2.00 Hilgenstockite TetCP Biosoluble
*Tricalcium phosphate (TCP) Ca,(HPO,) (PO,)s(OH) is a subcategory of PHA.
41 | PB-tricalcium phosphate (-TCP; ﬁ-Cas(PO4)2) equal amounts of dicalcium phosphate dihydrate (DCPD) and pre-
cipitated HA (PHA) with a calcium-to-phosphorus (Ca:P) ratio of
B-TCP may be synthesized using a thermal process at tempera- 1.67, followed by calcination. Another approach involves directly
tures above 650°C.%2 Other potential approaches may also be con- subjecting PHA with a Ca:P ratio of 1.50 to calcination. It is impor-
sidered. One option involves creating a combination consisting of tant to differentiate B-TCP from TCP due to their almost identical
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chemical content but distinct crystallographic structures. TCP has
an apatite-like structure and exhibits a Ca:P molar ratio of 1.50,
which is consistent with that of phosphate-based hydroxyapatite
(PHA). B-TCP in the form of either granules or blocks has been
widely used as a bone replacement. 3-TCP exhibits degradability via
osteoclastic activity.®®

4.2 | a-tricalcium phosphate (x-TCP; a-Ca,(PO,),)

a-TCP and B-TCP possess identical chemical compositions but dis-
tinct crystallographic structures. The dissimilarity between a-TCP
and B-TCP results in higher solubility of «-TCP than B-TCP. The pro-
duction of a-TCP typically involves subjecting B-TCP to tempera-
tures over 1125°C, followed by rapid cooling to impede the reverse
transition.3* o-TCP may be easily converted into PHA with a molar
ratio of 1.50 of calcium to phosphorus in aqueous solution. This
characteristic is employed in the production of apatite CPC. «-TCP
has emerged as the predominant constituent in the majority of apa-
tite CPCs. The biocompatibility of a-TCP is superior to that of B-TCP,
and it also exhibits higher biodegradability.

4.3 | Biphasic calcium phosphate (BCP; p-TCP-HA
composite)

BCP is made up of B-TCP-HA. It is produced by calcining PHA at tem-
peratures over 700°C with a molar ratio Ca:P< 1.67.3% The degra-
dability of BCP is higher than that of HA. The rate of degradation has
a positive correlation with the concentration of -TCP. The majority
of commercial products consist of 40% B-TCP and 60% HA.

4.4 | Hydroxyapatite (HA; Ca;(PO,),OH)

The term “HA” is hereby designated as the high-temperature
variant of a stoichiometric PHA, with a minimum temperature
requirement of 700°C. HA exhibits a high degree of crystal-
linity and is regarded as the most stable CaP compound when
dissolved in an aqueous medium. Furthermore, HA is widely
acknowledged as the most biocompatible CaP material. At tem-
peratures ~900°C, there is a possibility of partial breakdown
occurring in HA, ultimately leading to the formation of oxyapa-
tite (OXA). This chemical reaction occurs only in the absence
of water vapor‘37 HA, partly dehydrated HA or OXA undergoes
thermal decomposition at temperatures over 1300°C, resulting
in the formation of tetracalcium phosphate (TetCP) and o-TCP.
The latter reaction exhibits an increased rate in the absence of
water vapor.®® The majority of bone replacements on the market
today consist of HA. Because these items' degradation times are
measured in decades rather than years, they should be classified

as nondegradable.28

4.5 | Invivo behavior of ceramic bone

In vivo investigations conducted by previous research groups using
several ceramics have shown significant disparities in their in vivo
characteristics.3**° In one study, calcium sulfate dihydrate (CSD;
CaS04-2H20; Table 2) underwent dissolution within a few weeks

t,*! whereas sin-

after its introduction into the implantation defec
tered HA has been projected to last several centuries.*? The ob-
served distinctions may be attributed in part to the geometric
characteristics*® and in part to the chemical properties of the enti-
ties in question.***> Several investigations have been conducted to
ascertain the impact of geometry on bone ingrowth and the pace at
which bone substitutes are removed using either experimental#¢->!
or theoretical methodologies. Much research has also been done on
how the nature of bioresorbable ceramics affects how they act in

52-56 43.57-63 51 3 theoreti-

the body, with either an in vitro, an in vivo,
cal approach.®4-¢7

When considering the in vivo behavior of ceramic bone replace-
ments, it is crucial to take into account three key features. The first is
the molecule's solubility inside the human body. If the drug exhibits
solubility under certain physiological circumstances, it may undergo
dissolution, thereby leading to its elimination. The second is the rate
at which the specific ceramic material is extracted from the body,
specifically referring to its dissolution kinetics. Empirical investiga-
tions demonstrate that the solubility of a substance does not always
guarantee its dissolution.”?

The third feature is the propensity for conversion into another
component via a dissolution-precipitation process. Among calcium
phosphates, apatites exhibit the highest degree of stability under
physiological settings. Hence, nonapatitic CaP compounds, when in-
troduced into bone, tend to transform into apatite. The three afore-
mentioned elements, namely, solubility, dissolution, and conversion,
exhibit a strong interrelationship while maintaining their own auton-
omy. One example of a bioresorbable ceramic that exhibits solubility
inside the human body is a-TCP. However, its in vivo conversion into

apatite may require many years.

4.6 | Solubility of bone grafts

According to Driessens et al.,%% the solubility-controlling phase in
live bone is known as OCP (octacalcium phosphate), and its pres-
ence plays a regulatory role in maintaining the concentrations of CaP
throughout the body via physicochemical equilibrium. Consequently,
calcium phosphates (CaPs) that exhibit higher solubility than octa-
calcium phosphate (OCP) under physiological conditions, including
dicalcium phosphate (DCP), dicalcium phosphate dihydrate (DCPD),
alpha-tricalcium phosphate (x-TCP), tetracalcium phosphate (TetCP;
Ca,(PO,),0), monocalcium phosphate (MCP; Ca(H,PO,),), and
monocalcium phosphate monohydrate (MCPM; Ca(H,PO,),-H,0),
are anticipated to dissolve spontaneously. Conversely, CaPs with

lower solubility than OCP under physiological conditions, such as
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B-TCP and sintered-HA, can only be dissolved through active in-
volvement of cells. Certain types of cells, such as osteoclasts and
macrophages, have the ability to decrease the pH93 in their immedi-
ate surroundings. This reduction in pH can lead to the dissolution
and subsequent resorption of certain ceramics, such as CaPs or cal-
cium carbonates, which are known to be more soluble at low pH
(Figure 4).”* For a more comprehensive understanding of the cellu-
lar processes involved in bioresorption, please refer to the research
paper by Koerten and van der Meulen.”® The solubility of the ce-
ramic material plays a crucial role in determining its resorption pro-
cess. Therefore, it is essential to highlight the distinction between
ceramics with higher and solubility than OCP. The word ‘biosolu-
ble’ is used to refer to ceramics with greater solubility than OCP,
whereas the phrase ‘bioresorbable’ is used to describe ceramics with
lower solubility than OCP.

Within the existing body of research, there exists a substantial
amount of empirical evidence of the superior bioresorbability of
B-TCP in comparison to sintered HA.?>?¢ Additionally, there is evi-
dence that DCPD has a higher in vivo clearance rate than p-TCP.”
Other findings demonstrate that OCP has a higher in vivo clearance
rate than HA and g-TCP30.78

Until now, the consideration of two significant variables impact-
ing solubility has been overlooked: the stoichiometry and the dimen-
sions of the crystals. The impact of these two factors on solubility
is substantial. Regarding stoichiometry, Liu et al.”’ documented a
significant change in the solubility of polyhydroxyalkanoates (PHAS)
when the molar ratio of calcium to phosphorus (Ca/P) was decreased
from 1.67 to 1.50. Regarding crystal size, it is often seen that precip-
itated calcium phosphates, such as PHA, exhibit micro- or nanoscale
dimensions. When crystals are reduced to nanometric dimensions,
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FIGURE 4 Solubility isotherms of calcium-based bone
substitutes at 25°C in water. At pH 7.4, the solubility curves are
from top to bottom: MCPM, CSD, a-TCP, TetCP, DCPD, DCP, OCP,
CPP (flat curve), CDHA (parallel to B-TCP), 8-TCP, and sintered HA.
The dashed line represents the concentration of calcium ions in
human serum/blood. Reprinted with permission from Turitto and
Flack.1%3

the contribution of the crystal surface energy becomes significant
in relation to the overall crystal energy. Consequently, the crystal

exhibits lower thermodynamic stability.

4.7 | Invivo transformation of bone grafts

Biosoluble CaPs, which are inherently soluble inside living organisms
(in vivo),%¢ may be effectively eliminated from the body via dissolu-
tion and subsequent ionic transport. Nevertheless, the ions that are
liberated via the dissolution of these compounds have the potential
to interact with bodily fluids, resulting in the creation of novel mol-
ecules with reduced solubility.1°°

At physiological pH, hydroxyapatite is the most stable compo-
nent of CaP (Figure 4). Hence, it can be concluded that all calcium
phosphates, with the exception of hydroxyapatite, exhibit thermo-
dynamic instability under these circumstances. Consequently, they
are expected to undergo conversion to hydroxyapatite or an apa-
titic compound. This is mostly due to the ability of hydroxyapatite to
readily integrate foreign ions, such as carbonates, sulfates, magne-

sium, sodium, and others.

4.8 | Modeling resorption

The understanding of the in vivo performance of CaP materials may
be significantly enhanced by the use of solubility data. Nevertheless,
can the in vivo behavior be predicted using solubility data? Can the
rate of DCP removal from the implantation site be predicted rela-
tive to p-TCP, assuming constant geometry? The conventional meth-
odology used for predicting the in vivo performance of CaP bone
replacements involves conducting dissolution studies and basing
predictions on the obtained data.

While most cells have a pH of approximately 7.4, those re-
sponsible for removing calcium phosphates (osteoclasts and mac-
rophages) have pH values lower than 7.4. For example, according
to the findings of Silver et al.,”® the pH values observed for os-
teoclasts were approximately 3.0 or lower, whereas macrophages
exhibited pH values ranging from 3.6 to 3.7. Hence, it is logical to
replicate the in vivo dynamics by assessing the dissolution kinetics
throughout a pH spectrum spanning from 3 to 7.4. Chow et al.>®
used a pH value of 3.0 and noted that the dissolution rate of DCPD
was three times higher than that of sintered HA. This disparity
seems rather insignificant when considering the context of in vivo
conditions.3%101

Bioresorbable CaP is eliminated through a dynamic mechanism
characterized by two main steps. First, there is a reduction in the
pH level the normal physiological range to an acidic pH, typically
approximately pH 3-4.7% This acidic environment causes CaP to be-
come thermodynamically unstable and thus soluble. Second, the ce-
ramic material dissolves, liberating neutral or basic ions. An instance
of the release of Ca2+ and HPO4- ions occurs during the break-
down of DCP and DCPD. Hence, in the event that osteoclasts fail
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to generate sufficient acid to effectively reduce the pH to the levels
required for the dissolution of CaP, CaP dissolution, and subsequent
resorption do not occur. The successful modeling of the resorption
process requires an understanding of the osteoclast acid generation
rate, which is contingent upon the pH value. If the rate of acid gen-
eration is already known, it is possible to estimate the rate of re-
sorption by measuring the dissolution rate of a CaP compound when
exposed to an acidic environment that follows the acid production

rate function.

5 | CONCEPTUALIZATION OF
NONRESORBABLE BONE ALLOGRAFTS AND
THEIR SINTERING

Once the dissolution rates and the related changes in hydroxyapatite
were understood, a series of studies both in vitro and in vivo were
undertaken by our research team to better understand the effects
of ideal sintering temperatures and times on the ability of allografts
to be deemed nonresorbable. Accordingly, standard allografts were
sintered from 300 to 1300°C for 1-4h to determine optimal sinter-
ing conditions. A representative scanning electron microscopy image
is presented in Figure 5. Notably, the macroscopic images illustrate
clear differences between the sintered and nonsintered bone (allo-
graft). It could also be observed that the higher temperature sintered
bone appeared smoother even on the macroscopic level. Sintered
grafts, especially graphs sintered at high temperatures (greater
than 1000 Celsius), showed greatly different surface textures from

FIGURE 5 Scanning electron
microscopy of bone grafting materials
(both DBBM and allografts sintered at
various temperatures/times) at both low
and high magnification. Note the changes
in surface topography once grafts are
sintered at various temperatures.

900°C-1

ooy ) AR

those of standard nonsintered FDBAs. Thereafter, the newly created

grafts were tested both in vitro and in vivo.

6 | IN VITRO DATA ON THE
BONE-INDUCING PROPERTIES OF
ALLOGRAFTS, XENOGRAFTS AND
NONRESORBABLE BONE ALLOGRAFTS

Prior to the accumulation of animal data, basic in vitro experiments
were performed by our group to investigate the relationship of
standard sintering techniques for FDBAs and DBBM and various
sintering temperatures/times of bone allografts. As demonstrated
in Figure 6A, the migration of cells was improved in all allograft
groups when compared to control and DBBM samples. Typically,
the proliferation of cells was also improved in the allograft groups
compared to xenografts as well (Figure 6B). Polymerase chain re-
action (PCR) experiments were increased in the standard allograft
group at 3days, but generally, all bone grafts were able to maintain
collagen production irrespective of the graft utilized (Figure 6C).
No significant difference was observed either with respect to
alizarin red staining (Figure 6D). These combined findings seem
to indicate that standard allografts have superior in vitro effects
on bone formation, but both sintered xenografts and NRBAs exert
equivalent effects on osteoblast activity, independent of sintering
techniques. Thus, it was possible to further evaluate in vivo graft
resorption/bone formation patterns at various temperatures over

a 1-year period (52 weeks).

700°C-4h

1»300°C-4 h
¥ b
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FIGURE 6 The effects of different bone substitutes (BSs) on osteoblast migration, proliferation, and differentiation. (A) Human primary
osteoblast (HOB) migratory ability 24 h after stimulation with each BS treatment. The quantified data of migrated cell numbers were
compared. All the FDBA BSs, including both nontreated and heat-treated BSs, promoted migratory potential when compared to control
cell culture plastic and deproteinized bovine bone mineral (DBBM). (B) HOB proliferation potential on the different BS granules compared
to control tissue culture plastic on Days 1, 3, and 5. The HOB viability and proliferation potential decreased compared with the control,
whereas FDBA and the treated FDBA showed greater cell proliferation potential than DBBM over time. (C) Real-time PCR analysis of
HOBs seeded on the BS granules was performed to assess the expression of the gene encoding COL1 on Days 3 and 14 after osteoblast
seeding. There were no significant differences in the mRNA levels of COL1 between any BSs. (D) Alizarin red staining of HOBs for 14 days
and the semiquantified results of HOBs cultured on the BS granules. All experiments were performed in triplicate with three independent
experiments conducted per group. There was no significant difference in the mineralization potential of osteoblasts between any BS. *
denotes significantly higher than nontreated FDBA (p <0.05). # denotes significantly lower than nontreated FDBA (p <0.05).

7 | INVIVO EVALUATION IN MONKEYS
OF BONE FORMATION/RESORPTION
PATTERNS FOLLOWING IMPLANTATION
OF ALLOGRAFTS, XENOGRAFTS, AND

releasing incision was made to allow tension-free coronal reposi-
tioning of the flap, followed by suturing (Gore-Tex CV-6 Suture, W.
L. Gore & Associates Inc., Flagstaff, AZ, USA; Figure 7). All surgical

treatments were well tolerated by the animals, and clinical healing

SINTERED ALLOGRAFTS IN EXTRACTION
SOCKETS

Our research team then confirmed the in vivo properties of each
of the sintered bone allografts in an animal model. Eight 7- to
8-year-old male monkeys (Macaca fascicularis) were selected for this
study. Following intrasulcular incisions and elevation of mucoperi-
osteal flaps, both maxillary and mandibular lateral incisors, second
premolars and second molars (i.e., 12teeth/animal) were extracted.
Extraction sockets were randomly filled with the following grafting
materials (i.e., 6 teeth/group): (1) DBBM, (2) FDBA, (3) FDBA sin-
tered at 700°C for 4 h, (4) FDBA sintered at 900°C for 1h, (5) FDBA
sintered at 900°C for 4h, (6) FDBA sintered at 1300°C for 1h, (7)
FDBA sintered at 1300°C for 4 h, or (8) blood clot alone. The extrac-
tion sockets were covered by a resorbable collagen membrane (Bio-
Gide®; Geistlich Pharma AG, Wolhusen, Switzerland). A periosteal

was uneventful at all sites with limited signs of inflammation and
limited gingival recession. No adverse reactions, including material
exposure, increased tooth mobility, infection and suppuration, were
observed throughout the entire experimental period. The animals
(four animals for each observation period) were euthanized after 16
and 52weeks. Microcomputed tomography (micro-CT) and histo-
logical analysis were used to evaluate the properties of the different

biomaterials and bone formation in the extraction sites.

71 | Micro-CT findings

Two- and three-dimensional micro-CT images of the extraction
sockets grafted with different biomaterials or blood clots acquired
after 16 and 52 weeks are shown in Figures 8 and 9. Generally, bone
remodeling on the buccal side was higher than that on the palatal/
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FIGURE 7 Overview of the surgical 3 . A y l

procedure: (A) The extraction sockets
filled with blood clot (left) and FDBA
sintered at 900°C for 1 h (right). (B) The
extraction socket filled with DBBM.

(C) The extraction socket was filled

with FDBA sintered at 900°C for 4 h.

(D) The extraction sockets filled with
FDBA sintered at 700°C for 4 h (left) and
1300°C for 1h (right). (E) The extraction
sockets filled with FDBA sintered at
1300°C for 4 h (left) and FDBA (right).

(F) All extraction sockets were covered

by resorbable collagen membranes. All
procedures were approved by the ethical
committee of the Animal Research Center
of Kagoshima University, Japan (approval
no. D21027). This study conformed to the
ARRIVE guidelines for preclinical animal
studies.

FIGURE 8 Micro-CT images of 16weeks
the extraction sockets in monkeys at Coronal Sagital 3D Coronal Sagital 3D
16 weeks.

900°C 1h

900°C 4h

1300°C 1h

700°C 4h
1300°C 4h

lingual sides. Sixteen weeks after surgery, all control sites (sham biomaterials, varying degrees of residual bone graft particles and
group) exhibited low density and relatively low new bone forma- new bone formation within the extraction sockets were observed.
tion with concave alveolar ridges. In the sites grafted with different For example, concave alveolar ridges were present in four of six sites
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grafted with FDBA. The amounts of residual grafting particles of
DBBM and FDBA were smaller than the amount of FDBA sintered
at higher temperature, which were clearly identified in the entire
extraction socket. In the FDBA sintered at higher temperature and
DBBM groups, convex alveolar ridges were observed without severe
alveolar ridge resorption or dimensions (Figure 8). Fifty-two weeks
after surgery, the enhanced radiographic opacity of newly formed
bone, reflecting bone maturation, was observed in all groups. The
border between the newly formed bone and the DBBM or FDBA
particles was poorly identified. In contrast, FDBA sintered at higher
temperatures was still clearly detected in all extraction sockets.
Concave alveolar ridges with reduced height were detected in six,
three, three, two, one, and one of six sites in the sham, DBBA, FDBA,
and FDBA sintered at 700°C for 4h, 900°C for 1h, and 900°C for
4h groups, respectively. However, thick and convex alveolar ridges
with preserved bone width and height were observed in the rest of
the sites (Figure 9).

7.2 | Histological findings at 16 weeks

The alveolar bone in the coronal portion of the buccal area had an
irregular outline and was predominated by woven bone, gingival
connective tissue or residual bone graft particles to varying de-
grees, and new bone formation was generally observed from the
host bone at the apical and lingual sites in all treatment groups
(Figure 10). Immature woven bone and islands of loose trabecu-

lar bone were observed in all six nongrafted (blood clot alone)

52 weeks
Coronal Sagital 3D Coronal
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extraction sockets (Figure 10A). Osteoblasts and osteoclasts were
observed lining the osteoid covering on the surface of the woven
bone, surrounded by yellow bone marrow (Figures 10A and 11A,1).
In the DBBM- and FDBA-grafted sites, woven bone was thicker
and denser than that in the nongrafted group (Figure 10B,C).
The particles of DBBM and FDBA were detected in all extraction
sockets, and Howship lacunae were observed on the periphery
of the bone grafts, indicating continuing bone graft resorption
(Figure 11B,C,J,K). DBBM particles were partially or completely
embedded in new mineralized tissue, especially in the center area.
The newly formed bone was separated by fibrous connective tissue
and bone marrow (Figures 10B and 11B,J). Extraction socket heal-
ing at the sites grafted with FDBA was composed of more mature
lamellar bone with residual graft particles. Additionally, infiltration
of blood vessels was prominent with less fibrous connective tis-
sue compared to the DBBM group (Figures 10C and 11C,K). In the
sites that received FDBA sintered at 700°C for 4 h, 900°C for 1h,
900°C for 4h, 1300°C for 1h, and 1300°C for 4h, a larger num-
ber of grafting materials were observed when compared to the
DBBM- and FDBA-grafted sites. New bone apposition was gener-
ally observed in these groups to varying degrees (Figure 10D-H).
Particularly in the groups that received FDBA sintered at 700°C for
4h and 900°C for 1h, irregular trabecular bone was formed in the
coronal portion of the defects (Figure 10D,E). However, the parti-
cles in the center of the defects were in contact with mineralized
bone. Patterns of resorption by osteoclasts such as the Howship
lacunae were observed at some edges of residual granules of the
FDBA sintered at 700°C for 4 h (Figure 11D,L). More blood vessels

Sagital

FIGURE 9 Micro-CT images of

the extraction sockets in monkeys

at 52 weeks. Note the number of

large particles left even at 52 weeks
postimplantation for allografts sintered at
high temperatures.
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FIGURE 10 Overview photomicrographs of extraction sockets in different groups at 16 weeks (Scale bar, 2mm, toluidine blue staining,
original magnification x4). (A) Blood clot alone. (B) DBBM. (C) FDBA. (D) FDBA sintered at 700°C for 4 h. (E) FDBA sintered at 900°C for 1 h.
(F) FDBA sintered at 900°C for 4 h. (G) FDBA sintered at 1300°C for 1 h and (H) FDBA sintered at 1300°C for 4 h. In total, six sockets per
group were investigated utilizing eight total animals (four animals at 16 weeks and another four at 52 weeks).

were detected in the newly formed bone in the FDBA sintered at
900°C for 1 h grafted sites than in the FDBA sintered at 700°C for
4h (Figure 11D,E,L,M). In the groups grafted with FDBA sintered
at 900°C for 4 h, 1300°C for 1h, and 1300°C for 4 h, various sizes
of bone grafting particles were found throughout the extraction
socket, maintaining their different polygonal forms and relatively
smooth surfaces without large osteoclastic lacunae, and they were
intimately associated with the newly formed bone (Figures 10F-H
and 11F-H,N-P).

7.3 | Histological findings after 1year (52 weeks)

Healing within the extraction sockets matured by 52weeks in all
groups. The newly formed bone sealed the extraction socket en-
trance and bridged across the buccal and lingual/palatal cortical plates
in all samples (Figure 12). In the nongrafted group, finger-like bone
trabeculae were observed within the extraction socket. Fragments

of woven bone associated with a fibrovascular marrow area were

present adjacent to fragments of trabecular bone (Figures 12A and
13A,1). Although the continuity of the buccal bone outline was con-
firmed, the bone-marrow space had enlarged compared with that
observed at 16 weeks (Figures 10A and 12A). In the DBBM group,
residual particles were rarely seen in 2 sites. In the remaining 4 sites,
the DBBM particles were surrounded by mature lamellar bone, al-
though the number of residual small particles decreased compared
to that observed at 16 weeks (Figures 12B and 13B,J). Additionally,
the bone marrow area decreased with the infiltration of blood ves-
sels in the group (Figures 12B and 13B). Similar to the DBBM group,
FDBA particles were hardly observed in 2 sites, and newly formed
bone was well integrated with residual bone grafts in 4 sites in the
FDBA group (Figures 12C and 13C,K). However, the total area of
new bone formation in the extraction sockets was smaller than that
at 16 weeks. In the groups that received FDBA sintered at 700°C
for 4h, 900°C for 1h, 900°C for 4h, 1300°C for 1h, and 1300°C
for 4h, bone grafting particles were still clearly observed in all ex-
traction sockets (six sites for each group; Figure 12D-H). Although
slight bone graft resorption featuring the Howship lacunae on the
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16 weeks
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FIGURE 11 Higher magnification of the middle areas in Figure 10. (A) Blood clot alone. (B) DBBM. (C) FDBA. (D) FDBA sintered at 700°C
for 4h. (E) FDBA sintered at 900°C for 1 h. (F) FDBA sintered at 900°C for 4 h. (G) FDBA sintered at 1300°C for 1 h. (H) FDBA sintered at
1300°C for 4 h (scale bar, 400 um, toluidine blue staining, original magnification x10). Higher magnification of the framed area in A-H. (I)
Blood clot alone. (J) DBBM. (K) FDBA. (L) FDBA sintered at 700°C for 4 h. (M) FDBA sintered at 900°C for 1 h. (N) FDBA sintered at 900°C
for 4h. (O) FDBA sintered at 1300°C for 1h and (P) FDBA sintered at 1300°C for 4 h (scale bar, 200 um, toluidine blue staining, original

magnification x40).

surfaces of the FDBA sintered at 700°C for 4h, 900°C for 1h, and
900°C for 4h was observed (Figure 13D-F,L-N), bone-forming ac-
tivity was prominent in these groups, and newly formed bone areas
were larger than those observed at 16 weeks. Healing at FDBA sin-
tered at 900°C for 1h, 900°C for 4h, 1300°C for 1h, and 1300°C
for 4 h grafted sites was characterized by the formation of thick bony
trabeculae extending from the buccal and lingual cortical plates into
the extraction sockets (Figure 12E-H). The areas of newly formed
bone in these groups, including many blood vessels and numerous
osteocytes, became larger compared to those at 16 weeks of obser-
vation. No gaps were observed at the bone-grafting particle inter-
face, and dense newly formed bone was always in close contact with
the particles (Figures 13F-H,N-P). In particular, in the sites grafted
with FDBA sintered at 1300°C for 1h and 1300°C for 4h, newly
formed bone was totally integrated with residual bone grafts with-
out resorption of the materials, and new bone could be detected
throughout the different levels of the extraction sockets (Figures 10
and 13G,H,P). No apparent differences in healing patterns were de-
tected among the groups. These outcomes obtained in an in vivo
preclinical study demonstrated that allografts sintered at high tem-
peratures (greater than 900°C) are highly biocompatible nonresorb-
able grafting materials for optimizing long-term bone augmentation

procedures.

8 | CREATION OF A NONRESORBABLE
BONE ALLOGRAFT

Clinicians have raised a significant inquiry to bone-graft companies
and manufacturing entities, namely: “Is it not feasible to consoli-
date our customary ratios, such as a 1:1 proportion of allografts and

xenografts, into a singular unit package tailored to specific clinical
indications like sinus grafting?” This ability to do so would effec-
tively prevent clinicians from having to purchase two distinct bone-
grafting materials, resulting in cost savings. Additionally, it would
significantly streamline the procedure and selection of biomaterials,
particularly for general practitioners who may not possess the same
level of expertise as practicing periodontists and oral surgeons.

Unfortunately, owing to regulatory and government bodies, it is
not possible to premix biomaterials from two different donors (such
as an allograft from a human and a xenograft from a cow). Should
the graft be contaminated, too many regulatory questions/concerns
would arise regarding whether the former or the latter was the
cause. Accordingly, for decades, clinicians have incorporated dual
bone grafts into many procedures.

9 | OPTIMIZED BONE GRAFTING:
INTRODUCING NONRESORBABLE BONE
ALLOGRAFTS (NRBAS)

Because of these regulatory guidelines, our research group sought
to process standard bone allografts in the same sintering conditions/
environment as xenografts. Thus, our research group has developed
NRBAs produced at various temperatures ranging from 300 to
1400°C for 1-8h.1°2 Following this development, a 52-week mon-
key study also demonstrated the ability of the grafts to remain inte-
grated into bone without fear of resorption, displaying maintained
ridges with bone grafting particles even after 52 weeks as confirmed
by CBCT and histological analysis. Thus, it is possible to recreate the
biological/mechanical properties of xenografts utilizing sintered al-
lograft bone.
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FIGURE 12 Overview photomicrographs of extraction sockets in different groups at 52 weeks (scale bar, 2mm, toluidine blue staining,
magnification x4). (A) Blood clot alone. (B) DBBM. (C) FDBA. (D) FDBA sintered at 700°C for 4 h. (E) FDBA sintered at 900°C for 1h. (F)
FDBA sintered at 900°C for 4 h. (G) FDBA sintered at 1300°C for 1h and (H) FDBA sintered at 1300°C for 4 h. In total, 6 sockets per group
were investigated utilizing eight total animals (four animals at 16 weeks and another four at 52 weeks). In total, six sockets per group were
investigated utilizing eight total animals (four animals at 16 weeks and another four at 52 weeks).

52 weeks
900°C 1h

1300°C 4 h

S (H)

FIGURE 13 Higher magnification of the middle area in Figure 12. (A) Blood clot alone. (B) DBBM. (C) FDBA. (D) FDBA sintered at 700°
for 4h. (E) FDBA sintered at 900°C for 1h. (F) FDBA sintered at 900°C for 4 h. (G) FDBA sintered at 1300°C for 1 h. (H) FDBA sintered at
1300°C for 4 h (scale bar, 400 um, toluidine blue staining, original magnification x10) and higher magnification of the framed area in (A-H). (I)
Blood clot alone. (J) DBBM. (K) FDBA. (L) FDBA sintered at 700°C for 4 h. (M) FDBA sintered at 900°C for 1 h. (N) FDBA sintered at 900°C
for 4h. (O) FDBA sintered at 1300°C for 1h and (P) FDBA sintered at 1300°C for 4 h (scale bar, 200 um, toluidine blue staining, original
magnification x40).
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TABLE 3 Various clinical grafting procedures and the ability to pre-mix FDBA, DFDBA and non-resorbable bone allografts (NRBAs) in

various ratios.

Grafting Procedures

Extraction site management

Historic use of bone grafts

Freeze-dried bone allografts
(FDBA)

Examples of potential
optimized bone grafts

3:1 ratio of FDBA/
DFDBA

Advantages

Maintains ridge owing to its large incorporation
of FDBA but possesses an ability to release

Demineralized freeze-dried

Non-resorbable xenograft:
deproteinized bovine
bone mineral (DBBM)

1:1 mixture of: Freeze-dried

mixed with
non-resorbable xenograft:

Deproteinized bovine

bone mineral (DBBM)

70:30 mixture of: Freeze-

(FDBA) mixed with non-
resorbable xenograft:
Deproteinized bovine
bone mineral (DBBM)

10 | CONCEPTUALIZATION OF
PREMIXING VARIOUS COMBINATIONS
OF ALLOGRAFTS AND NONRESORBABLE
ALLOGRAFTS FOR SIMPLIFIED AND
OPTIMIZED BONE GRAFTING

The development of NRBAs has facilitated the production of xeno-
graft/allograft premixes, whereby NRBAs and allografts derived from
the same donor may be combined. Therefore, clinicians have the op-
tion to access a range of premixed bone grafts based on their specific
clinical indications, as shown in Table 3. The benefits of these grafts,
particularly in terms of their combinations, are emphasized. These
preformulated bone grafts, intentionally formulated in different pro-
portions, can significantly enhance the ability of clinicians to carry out
grafting procedures highlighted in the literature based on the utiliza-
tion of various biomaterials supported by evidence. Additionally, they

quickly growth factors responsible for bone
formation in DFDBA

e 25% DFDBA with an ability to “kick start” the
bone regeneration process

3:1 ratio of DFDBA/ o Faster ability to release growth factors
bone allograft (DFDBA) FDBA

necessary for periodontal regeneration owing to
demineralization process of DFDBA

e 25% of the graft remains FDBA to hold volume
slightly better than pure DFDBA

3:1 ratio of non- e Non-resorbable bone allograft (NRBA) acts like
resorbable bone
allograft (NRBA) with
DFDBA o 25% of the graft is DFDBA to dramatically “kick

a xenograft yet more biocompatible owing to its
human base source

start” the bone regeneration process when
compared to pure xenografts

1:1 ratio of NRBA and e Non-resorbable bone allograft can now be
bone allografts (FDBA) FDBA

premixed with standard FDBA together in a
single pre-mixed package

e Cheaper costs having to buy only 1 bone graft
and faster clinical procedures with less room for
error

3:1 ratio of FDBA and e Non-resorbable bone allograft can now be
dried bone allografts NRBA

premixed with standard FDBA together in a
single pre-mixed package

e Cheaper costs having to buy only 1 bone graft
and faster clinical procedures with less room for
error

streamline and optimize the described techniques by reducing the need
to purchase multiple bone grafts, as only one is needed. Additional
study is required to ascertain the optimal combinations and ratios for
each therapeutic condition. However, the objective of this study is to
streamline the selection of grafting materials for clinicians that prefer
pre-fabricated mixes through development of NRBAs.

With the development of NRBAs, it has recently been possible
to manufacture a combination of xenograft/allograft premixes by
utilizing NRBA/allograft mixes coming from the same donor. Thus,
a variety of premixed bone grafts for different clinical indications
can be made available to clinicians, as presented in Table 3, with ad-
vantages highlighted regarding their combinations. These premixed
bone grafts purposefully designed in various ratios can better en-
able the treating clinician not only to perform highlighted grafting
procedures following the evidence-based use of various biomate-
rials but also to simplify and optimize the described techniques by
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requiring the purchase of one bone graft as opposed to multiple.

Naturally, much additional research is needed to determine which

combinations and ratios are best for each clinical indication, but the

proposed work aims to simplify grafting material choices by clini-

cians seeking more predictable bone grafting owing to the recent

development of NRBAs.
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