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Abstract: Alveolar ridge resorption is a natural consequence of teeth extraction, with unpleasant
aesthetic and functional consequences that might compromise a future oral rehabilitation. To mini-
mize the biological consequences of alveolar ridge resorption, several surgical procedures have been
designed, the so-called alveolar ridge preservation (ARP) techniques. One important characteristic
is the concomitant use of biomaterial in ARP. In the past decade, autogenous teeth as a bone graft
material in post-extraction sockets have been proposed with very interesting outcomes, yet with
different protocols of preparation. Here we summarize the available evidence on autogenous teeth as
a biomaterial in ARP, its different protocols and future directions.

Keywords: extracted teeth; bone regeneration; bone graft; autogenous graft; autogenous tooth bone
graft; human dentin; demineralized dentin

1. Introduction

A tooth is indicated for extraction when it is no longer possible to restore or maintain in
acceptable conditions considering its health, function and/or aesthetics [1]. The extraction
of a tooth triggers a series of events that further result in the decrease of height and width of
the alveolar process, particularly on the buccal side and horizontally [2–7]. After extraction,
this resorptive event occurs during the first three months of healing until one year, with
potential aesthetic and functional consequences for prosthetic rehabilitation [2,8].

Due to the fallouts of alveolar ridge resorption after tooth extraction, a socket-filling
procedure is frequently required when dental implants are planned to rehabilitate function,
aesthetics and comfort [9]. To this end, alveolar ridge preservation (ARP) in post-extraction
sockets is a well described surgical technique able to prevent bone resorption partially but
not completely [10,11].

Several graft materials have been advocated in ARP including bone substitutes, such
as allografts, xenografts, alloplasts and autografts (i.e., autogenous bone) [4]. Bone graft
materials must have three main properties: osteoconduction (the ability to provide scaffold
for bone regeneration), osteoinduction (the capacity to recruit primitive, undifferentiated
and pluripotent cells that are developed into having a bone-forming capacity) and os-
teogenesis (presence of cells that promote bone regeneration) [12,13]. Autogenous bone
is widely accepted as the gold standard bone graft material as it contemplates all three
characteristics [9]. Nonetheless, autogenous bone has limited intra-oral availability, causes
high donor site morbidity and presents elevated resorption rates [9,12].

Appl. Sci. 2021, 11, 1853. https://doi.org/10.3390/app11041853 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-2506-1152
https://orcid.org/0000-0002-1019-8263
https://orcid.org/0000-0003-2503-260X
https://orcid.org/0000-0003-0167-4077
https://orcid.org/0000-0002-5837-8327
https://doi.org/10.3390/app11041853
https://doi.org/10.3390/app11041853
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11041853
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/11/4/1853?type=check_update&version=2


Appl. Sci. 2021, 11, 1853 2 of 13

A recently proposed material was autogenous teeth, commonly seen as dental waste
after dental extractions [14]. Chemically, dentin is very similar to bone, with an osteoconduc-
tive and osteoinductive matrix, and therefore is a viable candidate for bone grafting [15,16].
Autogenous teeth have fair intra-oral availability and may be obtained through standard
procedures with low morbidity [17]. Nonetheless, it is important to bear in mind that the
amount of dentin graft is dependent on the condition of the discarded teeth [12].

Ever since, several protocols have been proposed for ARP using autogenous teeth
as a graft material and, so far, three different methods of dentin processing have been
developed: demineralized dentin matrix (DDM), partially demineralized dentin matrix
(PDDM) and undemineralized dentin (UDD) (Figure 1) [12,14]. However, these different
methods present clinical pros and cons that deserve attention. For this reason, this review
summarizes the available evidence on autogenous teeth as graft material, its different types
and its applicability in ARP.
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2. Alveolar Ridge Preservation in Extraction Sockets
2.1. Biological Effect of a Tooth Extraction

Tooth extraction sets off a series of biological events, with a local inflammatory re-
sponse and an irreversible structural transformation of the periodontium [3]. In terms of
hard tissues, as previously stated, it can be expected a bone resorption, mainly in the first
three months, causing both vertical and horizontal changes in the alveolar process [5,10].

These anatomical changes are more buccally and horizontally pronounced [3–7], with
an average horizontal reduction of 3.79–3.87 mm and an average vertical reduction on the
buccal side of 0.64–1.24 mm [5,7].

Concerning the soft tissues, the socket defect will determine the healing process
through secondary intention resulting in cell proliferation, whereas the gingival form
mostly depends on the external shape of the alveolar bone [5].

In order to diminish the biological effect of a tooth extraction, an appropriate treatment
plan and technique are central [3]. As for the surgical technique, a flapless approach is
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considered a simple, atraumatic and conservative method, being the usual choice to reduce
post-surgery healing period, discomfort and inflammation [4]. This surgical approach is
characterized by the nondetachment of the periosteum, preserving the blood supply to the
buccal bone, which, as mentioned before, suffers a more pronounced resorption [18].

2.2. Alveolar Ridge Preservation: Concept and Bone Graft Materials Used

The biological effect subsequent to a tooth extraction might have a devastating impact
on the rehabilitation treatment, affecting both hard and soft tissues [3]. While bone avail-
ability might decrease, which is a key factor in the implant placement, the aesthetic result
may also be compromised, by damaging the soft tissue [8,19].

Under the rationale of ARP, filling a socket with grafting materials might reduce
alveolar ridge resorption comparing to natural healing via blood clot [19]. Overall, ARP
comprises three essential goals: (1) the maintenance of the existing soft and hard tissue
envelope; (2) the preservation of a stable alveolar ridge in order to maximize the functional
and aesthetic outcome; and (3) the simplification of the treatment procedures following the
alveolar ridge regeneration [20].

When considering ridge resorption in this procedure, one must not only analyze the
socket graft material and the surgical protocol but also the systemic and local characteristics
that can play a role in this clinical procedure [1]. Among the factors that might affect ARP
are number of adjacent teeth to be extracted, socket morphology (single versus multirooted
teeth), integrity of the socket walls, periodontal biotype (assessing its thickness), smoking
status, systemic factors (e.g., bone metabolic disorders, uncontrolled diabetes) and patient
compliance [1,3,8].

Regarding the numerous biomaterials used for socket grafting, many approaches
have been described in the literature [2,6,21]. Examples of these approaches are: using
only bone grafting alone, including autografts (e.g., autogenous bone), allografts (includ-
ing cortical mineralized freeze-dried bone and cortical demineralized freeze-dried bone)
xenografts (derived from bovine bone), alloplasts (including medical-grade calcium sulfate,
hydroxyapatite and beta-tricalcium phosphate (β-TCP)) [2,6,21].

Finally, it has been also described the application of a membrane alone (resorbable or
non-resorbable), or combined with a grafting material [2,6,21].

Several systematic reviews have addressed ARP effectiveness. While some of these
reviews points out to a rather scarce evidence with no significant conclusions [2,19,20],
more recent systematic reviews showed more promising results [1,3,4,6,8,10,11,21–23].
Comprehensively, there is general consensus that ARP does not avoid completely the
inevitable dimensional loss that exists [1,3,4].

While xenogenic or allogenic materials have been associated with better results when
compared with alloplastic grafts [1,3,4], others highlight the positive influence of the use of
barrier membranes, resorbable and non-resorbable [8,10,21] or the combined use of a bone
graft with a resorbable membrane [6]. Nonetheless, other studies advocate that although
the benefit of this procedure exists, the evidence available is insufficient to state which
method is best in reducing the dimensional changes addressed before [8,11,23].

The reason behind this limited evidence can be explained by the high heterogeneity
present in the existing systematic reviews [1–4,6,8,10,11,19–23]. This heterogeneity is
dependent on the broad definition of alveolar ridge regeneration, where many aspects
enter the equation. Some examples are: type of graft material used, with or without
resorbable or non-resorbable membrane, use of growth factors, with or without raising
a flap when extracting the tooth, achieving primary or secondary intention closure, with
damaged or intact sockets, multi rooted teeth or single rooted teeth, mandible or maxilla,
among other patient related factors mentioned before [3,10,19,21,22].

Another technique that has also been described with promising results is the socket-
shield [24]. The hypothesis behind this technique is that by retaining a section of the buccal
side of the root during implant placement the extensive bone loss that occurs on the buccal
side of the bone will be reduced [24–26]. Regarding this technique, some modifications
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have appeared since it was first presented, showing promising results [25]. However, more
high level evidence studies are required to better assess this approach [25,26].

3. Autogenous Teeth as a Bone Graft Material
3.1. Biological Plausibility

In order to understand the use of human teeth as a bone graft material, we must
bear in mind the chemical composition of human teeth and alveolar bone. The ratio
inorganic/organic/water of the various components of the teeth goes as follows: enamel
(95%/0.6%/4%), dentin (70–75%/20%/10%) and cementum (45–55%/50–55%) [12,16].
When comparing with the alveolar bone ratio, (65%/35%/0%), the similarity between bone
and especially dentin becomes clear [16].

Considering this potential, researches started looking for the different hard tissues
present in teeth. Yeomans and Urist pioneer study on the potential bone-inducing proper-
ties of dentin opened up new boundaries on graft materials [27]. Yeomans and Urist firstly
reported the bone induction capacity of autogenous demineralized dentin matrix [27]. In
the same year, Bang and Urist also referred the similarity between dentin collagenous
matrix and bone matrix in terms of osteoinductive capacity [28]. Only in 2009, the Korean
Tooth Bank, in Seoul, Korea, developed an autogenous tooth bone graft material, which
lead to a significant increase of studies in this field regarding the clinical performance of
this material [29].

Given the role and highly percentage of dentin in autogenous tooth [30], several stud-
ies have focused on different methods of treating dentin matrix towards the optimization
of the procedure clinical effectiveness [14].

In the inorganic component of dentin, X-ray diffraction analysis showed that, unlike
enamel hydroxyapatite, dentin hydroxyapatite (which consists of 70% of the dentin in
its weight volume) is structured with low-crystalline calcium phosphate, which in turn,
allows the osteoclasts to easily decompose this mineral, promoting an effective bone
remodeling [15,30]. This property is not only similar to bone tissue, also mainly composed
by low-crystalline calcium phosphate, but also essential in alveolar ridge regeneration,
ensuring osteoconductive capacity [12,16,29]. Besides hydroxyapatite, there are other three
biological calcium phosphates such as: tricalcium phosphate, octacalcium phosphate and
amorphous calcium phosphate [31]. All these forms interact with each other, playing a
positive role in bone remodeling [15].

In the organic component of the dentin matrix, a dense network of type 1 collagen
fibrils represents 90% of its content [12]. The other 10% is formed by the so-called non-
collagenous proteins such as: osteocalcin, osteonectin, sialoprotein and phosphoprotein,
which are known to be involved in bone calcification [15]. Additionally, growth factors are
also present, including bone morphogenetic proteins (BMP), LIM mineralization protein
1, transforming growth factor-β among others [12,14]. Bessho et al. compared the dentin-
matrix derived BMP with the bone-matrix derived BMP, concluding that although they are
not identical, both induce bone formation [32]. Similarly, Boden et al. demonstrated that
LIM mineralization protein 1 is a positive regulator of the osteoblast differentiation [33].
These growth factors, alongside other non-collagenous proteins have a proven osteoinduc-
tive capacity [12,15,16,29,32–35].

One important aspect that can be beneficial in terms of implant placement is the
healing period. In the literature, this period usually varies from 4 to 6 months [36,37],
although in some cases, dental implants may be placed 2 to 3 months after alveolar ridge
preservation [38]. Several authors compared the use of autogenous tooth graft versus a
xenograft [17,39,40]. While some studies assess the performance of the implants immedi-
ately placed after graft [17,40], one study compared the two grafts after a healing period of
6 months [39]. Regarding this matter, thanks to the reduced resorption rate of the autoge-
nous tooth graft (4 to 6 months) an earlier placement of the implant can be done, reducing
the healing period [38,41].
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3.2. Dentin Processing

As aforementioned, autogenous teeth can be used as bone graft material with os-
teoconductive and osteoinductive potential [9,12]. However, several concerns have been
addressed regarding the need for any dentin processing prior to bone grafting for the
purpose of clinical optimization. Some examples are the extraction of non-collagenous
proteins [42], elimination of the organic matrix [14] and finally, one of the most commonly
used, dentin preparation by demineralization [12].

The hypothesis of demineralization is that through this procedure, the organic sub-
stances (type 1 collagen fibrils, non-collagenous proteins and growth factors) will be
more exposed, decreasing the graft crystallinity and increasing its porosity and surface
area [16,35,43]. This process releases growth factors and non-collagenous proteins, which
in turn, results in an enhanced osteoinductive activity [14].

Although protocols vary from study to study, a general protocol includes tooth extrac-
tion, removal of soft tissue, carious lesions and filling materials of any nature [17,44–46],
sectioning into blocks or particles and finally choosing the degree of demineralization [47].
Among the demineralization agent are ethylenediaminetetraacetic acid (EDTA), phosphoric
acid, chloridric acid, nitric acid, hydrogen oxide, ethyl ether and ethyl alcohol [14]. Hence,
dentin materials were categorized into 3 categories: demineralized dentin matrix (DDM),
partially demineralized dentin matrix (PDDM) and undemineralized dentin (UDD) [12].

While some investigators have reported success when using DDM (or PDDM) [17,37,
39,40,44,48–50] others prefer using in its undemineralized form [38,51–57].

Mineralized dentin particles offer a mechanical stability, creating a solid site for
implant placement [38,52]. With the use of a mineralized graft, although the osteoinductive
properties of dentin may be delayed, the low crystallinity of dentin hydroxyapatite allows
the progressive bone remodeling [15,30].

Due to a lack of uniformity and standardization in the literature, it is difficult to
determine with certainty which form of graft is advantageous for which clinical indication.
Regarding ARP procedures, several authors have reported success when using DDM,
PDDM and UDD, indicating that each form can be a viable option [38,40,41]. Nonetheless,
some authors suggest an approach patient-based. DDM and PDDM can be indicated when
the socket walls have already been resorbed or destroyed due to pathological causes [58].
The exposure of growth factors and non-collagenous proteins, as previously stated, will
allow an earlier regeneration [14,38]. The UDM on the other hand, thanks to the mechanical
stability inherent to the graft, may allow an earlier placement of dental implants [38].

As previously stated, the amount of biomaterial that the clinician can gather is de-
pendent on the extension of carious lesions and filling materials [17,44–46], nonetheless,
one possible approach that can overcome this limitation is the extraction of impacted third
molars, when it is required a larger amount of biomaterial [51,59].

In order to obtain a demineralized graft, the Korea Tooth Bank, established in Seoul,
was one of the first to be available for clinicians [60]. However, due to this time-consuming
option, several devices appeared on the market for this purpose.

The VacuaSonic® (Cosmobiomedicare, Seoul, Korea) produces a demineralized graft.
This system comes with a powder reagent (DecalSi® DM Powder reagent) and a block
reagent (DecalSi® DM Block reagent), giving the clinician a choice, on which form of graft
he prefers. According to the manufacturer, the process takes 30 min for powder graft and
2 h for block graft [50].

Another system that can be used is the Smart Dentin Grinder™ (Kometa Bio ltd., Holon,
Israel) which is a device that grinds the tooth to particles of 250–1200 µm, according to the
manufacturer. Alongside this grinder, comes a disposable griding chamber (single-use)
as well as a dentin cleanser (0.5 M NaOH and 30% ethanol (V/V)) which is applied for
5 min and a phosphate buffer saline (PBS) solution with calcium and magnesium with
an application time of 1 min, repeating this last step. This device can be used in order
to produce a mineralized or partially demineralized graft, which in this last case, a 10%
solution of EDTA during 2 min is added [38].
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Finally, another system commonly used to produce a demineralized graft is the Tooth
Transformer device (TT Tooth Transformer srl. Milan, Italy). This device comes with a tooth
grinder and a series of disposable accessories that contacts with the resulting autologous
material and liquid responsible for the demineralization. According to Minetti, this process
takes approximately 25 min [61]. Regarding prices, while the VacuaSonic® (Cosmobiomedi-
care, Seoul, Korea) costs around 12365 €, the Smart Dentin Grinder™ (Kometa Bio ltd.,
Holon, Israel) costs around 1277 € and finally the Tooth Transformer (TT Tooth Transformer
srl. Milan, Italy) device has a price of around 2000 €.

Due to the potential of the autogenous tooth as a bone substitute, several clinical
applications have appeared in the literature besides ARP procedures [9,12,35].

One study performed lateral alveolar ridge augmentation comparing the use of auto-
genous tooth roots versus the use of autogenous bone blocks [62]. In this particular study,
after 26 weeks of healing, the implants were placed with no significant difference between
groups (p > 0.05) in terms of primary implant stability quotient [62].

The use of autogenous tooth graft was also associated with the treatment of grade
II and III furcation defects by one study, which compared the clinical and radiologic
performance of this graft material with the use of freeze-dried bone allograft [63]. The
results of this study point out the potential benefit that autogenous tooth can have as a bone
graft material, demonstrating a significant reduction in vertical bone depth, horizontal
bone depth as well as radiographically bony defect [63].

Another possible application for autogenous tooth is in sinus floor elevation pro-
cedures [64,65]. One particular study compared the use of autogenous tooth versus the
bovine-derived xenograft Bio-Oss (Geistlich Pharma AG, Wolhusen, Switzerland) [64].
With a follow up period of 4 months, there was no significant difference between the two
groups after a clinical, radiologic and histomorphometry assessment [64]. In another study,
Kim et al. performed a micromorphometry and histological evaluation 9 months after sinus
bone graft using autogenous tooth [65]. This evaluation concluded that autogenous tooth
showed excellent bone healing, proving to be a viable option for this kind of procedure [65].

4. Demineralized Dentin Matrix (DDM)
4.1. Preclinical Studies

Two preclinical studies have confirmed the potential of human DDM placed in extrac-
tion sockets as well as the influence that this biomaterial has on proteins and growth factors
such as BMP-2, BMP-4 and vascular endothelial growth factor (VEGF) [45,46]. In both
studies, there was a common protocol: after the removal of caries lesions, pulp tissues and
periodontal ligament, the agent responsible for the demineralization was a 10% EDTA solu-
tion with a pH varying from 7.2 to 7.3 [45,46]. After cutting with a cryostat, one study stored
the material in a sterile phosphate buffered saline (PBS) with penicillin and streptomycin
for decontamination [46].

4.1.1. Histologic and Histomorphometric Outcomes

A histologic and morphometric analysis showed that human DDM integrated newly
formed bone after 14 days showing histological features of mature bone, proving its
osteoconductivity [45,46].

4.1.2. Immunohistochemistry Outcomes

One interesting aspect regarding these studies results from the immunohistochemistry
evaluation. Oliveira et al. found that with the degradation of the human DDM, the number
of BMP-2 and BMP-4 immunostained cells increased at day 10, suggesting that this event is
key in stimulating cellular differentiation and consequently bone formation [46]. A similar
result can be seen in Reis-Filho et al.’s study after a period of 14 and 21 days, where with
the human DDM resorption, the expression of VEGF increased, indicating angiogenesis,
which in turn accelerates the healing process [45]. Both these results support the evidence
of the osteoinductive capacity of the DDM [45,46].
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4.2. Clinical Studies

Furthermore, several clinical studies have been published endorsing the use of DDM in
ARP despite diverging in terms of the protocol used for dentin processing [17,37,39,40,44,48–
50,66,67].

The removal of carious lesions, fillings and soft tissues seems shoes an apparent
unanimity [17,37,39,44,66], however, while most authors use dentin, enamel and cementum,
some eliminate these last two [40], or simply use the root portion of the tooth [37]. Some
investigators defend the use of dentin alone due to its osteoconductive and osteoinductive
properties being similar to alveolar bone [35,43] and in this way enamel shall be removed
because it has high-crystalline calcium phosphate and therefore might complicate the
absorption process [15,30]. On the other hand, it is described in some protocols the use
of the whole tooth as a bone graft material, combining the chemical properties of dentin
with the mechanical advantage that enamel brings, allowing an earlier placement of dental
implants [38,52,57].

In the majority of these studies, the demineralization agent was not specified [17,39,44,
48–50,66], but rather the explanation that the autogenous graft went through a dehydration,
defatting, demineralized and lyophilized course [39,66]. Nonetheless, studies often report
the use of 70% ethyl alcohol, 0.6 N chloridric acid and 2% nitric acid [37,40,67]. The size of
the graft particles varies from 200 to 1000 µm [37,39,40,66].

These studies evaluated the efficacy of this biomaterial in the clinical, radiologic,
histologic and morphometric scenario.

4.2.1. Clinical Outcomes

Overall, grafted sites healed without any clinical manifestation of infection, wound
dehiscence, or implant failure, in the cases where dental implants were placed [17,44,50].
In these studies, the primary stabilization ranged from 71.8 to 74 implant stability quotient
(ISQ) [37,39,49].

Several intervention studies performed an interesting evaluation comparing the clini-
cal, radiologic and histologic efficacy between DDM and a standard xenograft (Bio-Oss
(Geistlich Pharma AG, Wolhusen, Switzerland) with excellent and proven efficacy [17,39,40].
Both groups, showed comparable healing process, implant stability and bone formation
ration, proving that this biomaterial can be a viable alternative to the xenograft, with the
advantage of being autogenous [17,39,40]. Furthermore, from the patient’s perspective,
autogenous teeth were associated with low levels of pain and swelling [17].

4.2.2. Radiologic Outcomes

Regarding radiologic outcomes, the studies presented favorable results. The mean
density of the graft decreased with time, with the architecture of the DDM becoming
increasingly more similar to that of the surrounding bone, suggesting a satisfactory bone
healing [40,50,67].

4.2.3. Histologic and Histomorphometric Outcomes

Histologic and histomorphometric analysis showed a good tissue integration with a
direct union between the new bone and the graft material, evidencing osteoconductive and
osteoinductive properties [39,66]. It was reported a dense lamellar bone formation [48–50]
associated with connective tissue reach in angiogenesis [37], fulfilling the goal of minimizing
the alveolar bone loss in extraction sockets [44]. The follow-up period on which these results
were found varied from 3.5 to 6 months [39,44,48,66].

The most important limitations when comparing these studies are the variety of
protocols and adjuvant materials used, for instance absorbable [44,50] or non-absorbable
membranes [67], or the use of platelet-rich fibrin (PRF) [40].
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5. Partially Demineralized Dentin Matrix (PDDM)

Regarding PDDM, only two interventional studies have studied its clinical poten-
tial for ARP, one pilot on PDDM associated with platelet-rich plasma [36], and another
randomized trial concerning PDDM alone [41].

In terms of protocol for dentin processing, both studies present slight changes. In both
studies, the soft tissues, caries and calculus were removed with the teeth being crushed
with the auxiliary of different grinders, who generated graft particles varying between 300
and 800 µm [36,41]. The main difference in terms of protocol is the agent used for partial
demineralization. On the one side, Minamizato et al. used a 2% HNO3 solution (pH 1.0)
for 10 min, followed by an extensive 10 min rinse with 0.1 M Tris-HCl (pH 7.4) [36]. On
the other side, Joshi et al. used lactic acid (1N) for a 15–20 min period and later a sterile
normal saline solution [41]. The reason behind the choice of an organic acid was, according
to Joshi et al., the contact between the residues with human tissues [41].

5.1. Clinical Outcomes

Clinically speaking, the postoperative follow-up occurred uneventfully [36,41]. In the
Minamizato trial, dental implants were placed at 4–6 months postoperative with primary
stability and insertion torque varying from 25 to 40 N cm [36]. At the time of the second
surgery, the implant stability quotient (ISQ) was over 60 in all cases, suggesting a positive
osteointegration [36]. One factor that could help the healing process is the demineralization
the occurred, enhancing the antimicrobial activity of some dentin components [36]. In
the Joshi Trial, although no implants were placed, after a period of 4 months, the authors
reported that the sockets grafted with PDDM showed visually less width shrinkage when
compared with the sites grafted with β-TCP and non-grafted sites [41].

5.2. Radiologic Outcomes

Radiographic assessment was made by X-ray panoramic and cone beam computed
tomography (CBCT). This analysis showed that the radiopacity of the PDDM decreased
gradually with the lamina dura around the graft becoming progressively indistinguish-
able [36]. Comparing the dimensional changes of the alveolar ridge between PDDM and
β-TCP, the width and height loss was lower in the PDDM group, with these values being
statistically significant [41]. In terms of ridge height, while in the PDDM group there was a
reduction of 0.28 ± 0.13 mm, in the β-TCP group there was a reduction of 1.72 ± 0.56 mm
and in the control group it was reported a reduction of 2.60 ± 0.88 mm (p < 0.05) [41]. In
terms of width, a similar result was achieved, with the control group showing an increased
reduction (2.29 ± 0.40 mm), followed by the β-TCP group (1.45 ± 0.40 mm) and finally the
PDDM group (0.15 ± 0.08 mm) (p < 0.05) [41].

5.3. Histologic Outcomes

Finally, histologic analysis showed a positive integration of the PDDM at 4 to 6 months
postoperative. Histologic specimens of the PDDM group showed newly formed bone in
both studies [36,41], with a higher percentage of osteoid formation, when comparing to the
β-TCP group [41].

These two studies point out the use of PDDM as a viable option in alveolar ridge
regeneration, displaying good clinical, radiologic and histologic outcomes.

6. Undemineralized Dentin Matrix (UDD)

In terms of UDD, a solid number of preclinical and clinical studies have been per-
formed evaluating its efficacy [38,51–57,68].

6.1. Preclinical Studies

The protocol used for the preparation of this biomaterial was very similar in all of the
preclinical studies. The crown portion of the tooth was removed, as well as pulp tissues and
periodontal ligament still attached [52,53,68]. This was made by using curettes, ultrasonic
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devices, hand instruments and specific burs [52,53,68]. In all studies, the preparation was
rinsed with a saline solution along with a basic alcohol cleanser [52,53,68]. Finally, either
using the Smart Dentin Grinder™ (Kometa Bio ltd., Holon, Israel) [52,53] or a specific
grinder [68], the teeth were grinded into particles with diameters over 300 µm and less
than 1200 µm [52,53], or between 350 and 500 µm [68].

Histologic and Histomorphometric Outcomes

After assessing the viability of UDD under radiologic, histologic and histomorphome-
try analysis, some preclinical studies reached opposite conclusions. In 2015, one study, after
histologic and histomorphometry analysis, reported that the use of UDD, after 8 weeks did
not offered any improvement in bone regeneration, showing in terms of ratio of bone to
total area of each probe 170 ± 16 µm3 for the control group (no bone graft material used)
and 71 ± 14 µm3 for the UDD group, with a significant difference (p < 0.05) [68].

The opposite was concluded in two other preclinical studies [52,53]. When compared
to a healing without any bone graft material, after a 90 days observation period, the added
benefit of the UDD was proven [52,53]. In one study, the percentage of newly bone formation
was 91.32 ± 0.8% in the UDD group and 65.89 ± 0.6% in the control group (p < 0.05) [52].
In the other study, the percentage of immature bone was 14.2 ± 0.66% in the UDD group
and 35.17 ± 0.74% in the control group (p < 0.05) [53].

6.2. Clinical Studies

Equivalently to the studies mentioned before, these clinical studies applied a similar pro-
tocol when preparing UDD. Generally speaking, after the teeth extraction, removal of crowns,
fillings of any nature, pulp tissues and periodontal ligament, the biomaterial was grinded
in order to generate particles with a diameter varying from 300 to 1200 µm [38,51,54–57,59].
In most of the studies, a basic alcohol cleanser consisting of 0.5 M of NaOH and 30%/20%
alcohol as well as a sterile phosphate buffered saline were applied to the samples gath-
ered [38,55,56]. This step is important in order to remove organic debris and also possible
bacteria and toxins found in dentine [38,55,56].

When assessing the efficacy of the UDD in these studies, one aspect that is worthy of
mention is that in some studies a combination of UDD was used either with platelet-rich
fibrin [54] or with leukocyte-platelet-rich fibrin and fibrinogen [57], which can be seen
as a drawback when analyzing this biomaterial due to lack of standardization as well as
understanding the real influence of the UDD.

6.2.1. Clinical Outcomes

Clinically, the healing process was satisfactory, with no major post-operative compli-
cations, with less inflammation and rejection response, one potential limitation of other
types of bone grafts [38,57].

One particular split-mouth randomized double-blind study deviated from the usual
analysis of this subject. This study used UDD from lower third molar extractions and
evaluated clinical outcomes such as: pocket depth, recession, clinical attachment level
regarding the lower second molar, as well as patient-related outcomes: pain, healing and
swelling [51]. After a 3-month observation period, in terms of pocket depth (control group:
3.43 ± 0.79, UDD group: 2.86 ± 0.9), gingival recession (control group: −2.29 ± 1.25,
UDD group: −2.86 ± 0.9) and clinical attachment level (control group: 1.14 ± 1.57, UDD
group: 0 ± 0), the differences found were not statistically significant (p > 0.05) [51]. Finally,
regarding patient-related outcomes (pain, healing and swelling), similar results were found,
with no statistically significant differences found between groups (p > 0.05) [51]. A similar
result was found in a split-mouth clinical trial where the use of the lower third molar as
a bone substitute resulted in a significant reduction of the pocket depth, mainly in the
first 3 months [59]. After a 6-month-period, the bone density found in the test group was
greater, with statistically significant difference (p < 0.001) [59].
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6.2.2. Radiologic Outcomes

Radiologically, CBCT images showed that alveolar ridge dimensions were preserved in
most cases [54,55,57]. In the study by Andrade et al. the vertical and horizontal dimensions
of the sockets grafted were preserved, and in some cases increased [57]. One particular study
by Pohl et al. performed a retrospective radiographic cone-beam computed tomography in
order to better assess the efficacy of this graft in terms of volume stability [54]. Comparing
the preoperative and the postoperative (4 months after ARP procedure) dimensions, the
reduction in the buccal bone plate thickness at 1 mm, 3 mm and 5 mm bellow the buccal
crest was, respectively: −0.87 ± 0.84 mm; −0.60 ± 0.70 mm and −0.41 ± 0.55 mm [54].
Following the same level measurements, the mean ridge width changes were, respectively:
1.38 ± 1.24 mm, 0.82 ± 1.13 mm, and 0.43 ± 0.89 mm [54]. Finally, the authors concluded
that the average mid-buccal bone height gain was 1.1% and the mid-lingual height gain
was 5.6% [54]. Another study that evaluated through CBCT analysis the alveolar ridge
dimensions before and 4 months after the ARP procedure reported a loss of 0.76 mm in the
vertical dimension and a loss of 1.1 mm in the horizontal dimension [69].

6.2.3. Histologic and Histomorphometry Outcomes

Regarding histologic and histomorphometry analyses, UDD generated moderate os-
teoblastic activity, presenting some dentin fragments as well as connective tissue, suggest-
ing a gradual increase in the graft resorption and consequently bone formation [54,56,57].
Additionally, Andrade et al. reported a consecutive increase of the bone percentage (26.3%
at 4 months and 66.5% at 6 months), and a decrease on dentin (10.4% at 4 months and 0.9%
at 6 months) and connective tissue (63.3% at 4 months and 32.6% at 6 months) in the socket,
substantiating a gradual bone formation along with graft resorption [57].

7. Conclusions

Autogenous teeth as a biomaterial for ARP present osteoconductive and osteoinduc-
tive properties, which suggests that they can be an equally effective bone substitute. In
some cases, autogenous teeth have superior clinical performance when compared with
other grafts. According to this literature review, autogenous teeth, in every form of pro-
cessing, present potential within the clinical, radiologic and histologic outcomes.

Nonetheless, further research, with standardized protocols in terms of patient selec-
tion, dentin processing, surgery procedure and comparison with other grafts are essential
in order to reach a definitive conclusion about this graft efficacy. Particularly, there is a
scarcity of studies comparing the different dentin processing protocols with each other,
though the difference between each method may only rely on the advantages and fallouts
of the method itself (demineralization vs. non-demineralization) and not in the clinical
potential per se.
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