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Abstract: Autogenous and allogeneic demineralized dentin matrices (Auto-DDM and Allo-DDM,
respectively) are currently used for guided bone regeneration (GBR). Buccal marginal bone (BMB)
resorption is critical for successful implant integration. This study analyzed BMB resorption around
dental implants for GBR between the control group (Auto-DDM graft) and experimental group
(Allo-DDM graft). From 2014 to 2019, we enrolled 96 patients (59 males, 37 females, average
57.13 years) who received GBR (52 and 44 using Allo-DDM and Auto-DDM, respectively,) without a
barrier membrane and a simultaneous single dental implantation (54 in the maxilla and 42 in the
mandible). BMB height was measured immediately after GBR, at prosthetic loading, and 12 months
after loading. BMB resorption was classified as initial resorption (between GBR and prosthetic
loading) and functional resorption (during 12 months after prosthetic loading). The differences in the
BMB levels of Auto-DDM and Allo-DDM were analyzed between the initial and functional resorption
stages by independent sample t-test. Auto-DDM and Allo-DDM showed similar BMB changes in
initial resorption (0.73 ± 0.97 and 0.72 ± 0.77 mm, respectively) and functional resorption (0.69 ± 0.81
and 0.48 ± 0.58 mm, respectively) without a significant difference between the maxilla and mandible.
For GBR, Allo-DDM is comparable to Auto-DDM in terms of BMB resorption.

Keywords: allogeneic demineralized dentin matrix; buccal marginal bone; demineralized dentin
matrix; dental implant; guided bone regeneration

1. Introduction

Autogenous demineralized dentin matrix (Auto-DDM) has been widely used in implant dentistry
in Korea since 2008 for socket preservation, alveolar ridge augmentation, sinus augmentation,
and guided bone regeneration (GBR) associated with dental implants [1,2]. GBR is dental surgical
procedure that is predominantly applied to support new hard tissue growth on an alveolar ridge to allow
stable placement of dental implants [3]. The rationale for the use of demineralized dentin matrix (DDM)
on GBR is based on the structural and biochemical similarities between dentin and bone. DDM is defined
as an acid-insoluble, highly cross-linked type I collagen (95%) with collagenous and matrix-binding
proteins such as transforming growth factors (TGFs), insulin growth factor (IGF), fibroblast growth
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factor (FGF), and bone morphogenetic protein (BMP) [4,5]. Although fabrication process of DDM
removed dental stem cells [6,7], DDM is an “inductive substrate” due to transformation of the
fibroblasts of the mesenchymes into cartilage or bone in the extra-skeletal site. Transforming factors in
dentin induce the growth of undifferentiated mesenchymal cells, and these cells are converted into
chondroblasts and osteoblasts to form new bones [8]. Consequently, Auto-DDM has shown promising
clinical and histological results as an alternative to autogenous bone grafts without the limitations of
donor availability, risk of infection at the donor site, and marked resorption rates of ≥50% [9].

Kim et al. [1] reported six cases of GBR using Auto-DDM (AutoBT, Korea Tooth Bank, Seoul,
Korea) with simultaneous implant placement. At average 4.5-month after GBR, histologic evaluation
of each case highlighted the excellence of AutoBT for bone regeneration with osteoconduction
and osteoinduction. A report of a previous case of long-term follow-up (5 years) reported 1 mm
of buccal marginal bone resorption around the implant with the formation of cortico-cancellous
bone, approximately six years after socket preservation in 2016 [9]. So far, Auto-DDM accelerates
bone regeneration in numerous human clinical studies [10,11]. Recently, a fragmented, partially
demineralized tooth matrix was used for maxillary sinus augmentation. Histological analysis revealed
neither inflammatory nor infective reactions against the tooth graft. Granules appeared surrounded
by newly formed bone and partially resorbed, indicating ongoing remodeling [12]. Another clinical
study using autogenous mineralized dentin matrix for socket preservation, to compare the alveolar
contractions as well as to analyze the densitometric differences between both post-extraction sockets
presented that the dimensional contraction of the post-extraction socket in the study group was lower
than that in the control group at 16 weeks after surgery, both vertically and horizontally [13].

The Auto-DDM has some limitations. Primarily, it is time-consuming because of the inevitable
surgical extraction and the external manufacturing process required to prepare the material. Following,
the amount of Auto-DDM obtained is unpredictable as it depends on several clinical conditions,
such as dental caries, restorations, and prostheses in the harvested teeth. Therefore, the application of
allogeneic DDM (Allo-DDM) has been proposed to overcome the shortcomings of Auto-DDM.

In 1967, Bang and Urist [14] proved that allogeneic, demineralized, and lyophilized dentin
induced new bone formation in an in vivo study. Subsequently, Allo-DDM exhibited excellent bone
formation capacity without eliciting an immune response or antigenic effect in experimental studies
of the early 1970s and 80s [15,16]. Further, clinical trials revealed that allogeneic freeze-dried dentin
matrix demonstrated a high osteoinductive potential in periodontal osseous defects [17]. Allo-DDM
in the cystic lesions of the jaw in 33 patients presented excellent bone healing without immunologic
complications [18]. In 2014, successful clinical outcomes were reported with Allo-DDM procured from
a biological family member for alveolar ridge and sinus augmentation [19]. Subsequently, Kim et al.
reported that the use of Allo-DDM for alveolar bone augmentation in 18 patients did not elicit an
immune response or antigenicity and showed clinical results similar to those of Auto-DDM [20].
In 2017, the first randomized, controlled, prospective, a clinical pilot study on comparative alveolar
ridge preservation using allogenous tooth graft versus allogenous free-dried bone graft in 15 patients
was reported in India [21]. This study showed that the mineralized whole tooth allograft (WTA)
consistently indicated superior results, demonstrating the least reduction in the alveolar crest height.
Histological analysis also confirmed the new bone formation at the WTA sites.

Even though several clinical studies have been published in the 2010s, there was only one
randomized controlled clinical study for socket preservation before implant placement. Most of the
other studies were case reports, which evaluated the alveolar bone repair capacity by qualitative
measurement that is insufficient to confirm the clinical efficacy of Allo-DDM application. So far,
few studies have quantitatively analyzed the clinical effects of Allo-DDM in relation to dental implants.
Furthermore, evaluation of buccal marginal bone (BMB) resorption around dental implants before and
after prosthetic loading has not yet been reported.

The purpose of this clinical pilot study was to analyze the BMB resorption between Allo-DDM
and Auto-DDM in GBR around dental implants before and after prosthetic loading. We hypothesized
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that Allo-DDM grafted around dental implants would show similar BMB resorption to those of
Auto-DDM within the success criterion, which is defined as BMB loss <1.5 mm in the first year after
prosthetic loading.

2. Materials and Methods

2.1. Source of Allogeneic Demineralized Dentin Matrix (Allo-DDM) and the Fabrication of Demineralized
Dentin Matrix (DDM)

Allo-DDM was supplied by the Korea Tooth Bank (KTB, Seoul, Korea) that processed human
tooth-derived bone graft materials under the Guidelines of Good Practice for Tooth Handling Institution
from the Korea Ministry of Health and Welfare (KMHW) [22]. The impacted third molars and premolars
extracted during orthodontic treatment were collected at designated dental clinics and sent to KTB to
manufacture Allo-DDM. Generally, procurement, storage, processing, and packaging were performed
separately for teeth obtained from each individual to conform to the “Guidelines” from KMHW, which
states that no pooling of teeth from different patients should occur [22]. Briefly, the processing for
Allo-DDM and Auto-DDM involved refrigeration of teeth in 70% ethyl alcohol followed by rinsing
and removal of attached soft tissue and pulp using a retrograde technique. The dentin was crushed
into particles (300–800 µm), followed by defatting and demineralization using 0.6 N HCl with a
viral inactivation procedure (Patent: EP 2601982), as previously reported [23]. The DDM was finally
sterilized, packaged, and sent to clinics to be stored at room temperature for allogeneic transplantation.

2.2. Study Design

This clinical pilot study was conducted between September 2014 and September 2019 at the
Seoul National University Bundang Hospital (SNUBH) and approved by the Ethics Committee of
SNUBH Institutional Review Board (IRB No. B-1910/570-109). The study was conducted following the
principles of the Declaration of Helsinki for research on humans.

Ninety-six patients (59 men, 37 women; median age 57.13 years) who underwent a single tooth
extraction and implant placement with GBR participated in this study. Auto-DDM or Allo-DDM
was used for four-wall (minimum) defects with buccal vertical bone destruction in the maxilla and
mandible under written informed consent (Table 1). Among other bone substitutes, the criteria for
choosing Allo-DDM was completely dependent on the patient’s decision. The average healing period,
between GBR with implantation and prosthetic loading, was three (range, 3–4 months) and six (range,
6–8 months) in the mandible and maxilla, respectively. After the healing period, the implant was
subjected to prosthetic loading. The time point to measure the BMB height after loading was 12 months
(range, 12–18 months).

The inclusion criteria were as follows: (1) requirement for dental extraction and GBR for single
implant placement; (2) age ≥20 years; (3) the presence of dentition adjacent to the bone defect;
(4) minimum four-wall alveolar bone defects with vertical loss of buccal bone, more than a third
implant thread (2.5 mm) exposure, and (5) healthy status or well-controlled systemic disease(s) (6).
Cone-beam computed tomography (CBCT) was performed immediately after GBR, after the healing
period, and 12 months after the prosthetic loading. The exclusion criteria were as follows: (1) previous
surgery with other bone grafts at the surgical site, (2) history or symptoms indicative of maxillary sinus
disease, (3) current smoking habit, (4) poor plaque control and untreated chronic periodontitis, and
(5) preexisting dental implants adjacent to the surgical site.
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Table 1. Demographic information of patients and buccal marginal bone (BMB) height at surgery (T1),
at prosthetic loading (T2), and 12 months after loading (T3).

Age
(Years, SD)

p-Value
Buccal Bone Height (mm, SD)

T1 T2 T3 p-Value

Total (n = 96) 57.13 (8.11) 10.78
(1.84)

10.15
(1.82)

9.80
(1.64)

<0.001 *
(Between each stage)

Sex

Male (n = 59) 56.13 (6.97)
0.117 †

11.31
(1.69)

10.66
(1.81)

10.22
(1.68)

T1: 0.397 †
T2: 0.788 †
T3: 0.576 †Female (n = 37) 58.73 (9.00) 11.09

(1.81)
10.45
(1.86)

9.91
(1.80)

Location

Maxilla (n = 54) 57.72 (6.97)
0.410 †

11.46
(1.69)

10.68
(1.99)

10.14
(1.87)

T1: 0.136 †
T2: 0.531 †
T3: 0.804 †Mandible (n = 42) 56.38 (8.93) 10.92

(1.76)
10.44
(1.60)

10.15
(1.54)

Types of DDM

Auto-DDM (n = 44) 56.45 (7.61)
0.436 †

11.76
(1.84)

11.09
(1.70)

10.45
(1.77)

T1: 0.004 †
T2: 0.011 †
T3: 0.065 †Allo-DDM (n = 52) 57.71 (8.11) 10.78

(1.45)
10.45
(1.82)

9.80
(1.64)

BMB; buccal marginal bone. * Paired t-test. † Independent-sample t-test.

2.3. Transplantation of DDM and Implant Placement

Surgical procedures (extraction, implantation, and GBR) were performed by a single surgeon.
Immediately after extraction, the implant (diameter: 3.8 mm, length: 10, 11.5, and 13 mm; Dio, Busan,
Korea) was placed with simultaneous GBR using the DDM (Auto-DDM or Allo-DDM).

Under local anesthesia using 2% lidocaine HCl with 1:100,000 epinephrine (Lidocaine HCl; Huons,
Seongnam, Korea), crestal and mesio-distal vertical incisions were made with a No. 15 blade (Braun
Manufacturing, Frankfurt, Germany). Following mucoperiosteal flap elevation, tooth extraction was
performed. For the atraumatic extraction, the surgeon did not perform osteotomy on the remaining
bone around the tooth. Copious removal of granulation tissues was performed by molt curettage,
and profuse saline irrigation was performed. The remaining buccal marginal bone was trimmed
to at least 0.5 mm thickness or more by 2.0 mm round burr without damaging the mucoperiosteal
flap. Dental implants were placed to achieve primary stability with sufficient alveolar bone width
(Figure 1a). The DDM was applied to the GBR to repair the damaged buccal alveolar wall (Figure 1b).
Primary closure of the surgical sites was achieved with simple interrupted sutures using 4-0 vicryl
sutures (Ethicon, Somerville, NJ, USA) after releasing incisions and coronally repositioned flaps. Barrier
membranes were not applied because the collagen portion of the DDM was sufficient to bind to the
patient’s blood (Figure 1c). Patients were instructed to rinse their mouth twice daily with a 0.1%
chlorhexidine solution and take oral antibiotics (625 mg, amoxicillin, Ilsung Pharmaceutical, Daejeon,
Korea) twice daily for three days [24]. After three to six months, satisfactory clinical healing was
observed in all patients without any sign of infection or graft failure, and the surgical site was re-opened
for prosthetic loading. Implants were loaded with screw-retained provisional restorations. Further, a
bone sample was harvested from the area overlying the implant cover screw using a surgical scalpel
(Dentium, Seoul, Korea) from one patient who consented to undergo a biopsy (Figure 1d). The specimen
was demineralized with 10% formic acid after fixation in 10% neutral-buffered formalin. Paraffin
sections (thickness 5 µm) were stained with hematoxylin and eosin (HE) for histological observation.
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Figure 1. Surgical procedure. (a) Immediately after extraction, an implant was placed in the mandibular
left second molar. (b) Allogeneic demineralized dentin matrix (Allo-DDM) was applied for guided
bone regeneration. (c) Blood absorption and coagulation can be seen on Allo-DDM particles without
covering the membrane. (d) At 4 months, surgical exposure to the prosthetic procedure showed hard
tissue formation around the implant. Tissues over the cover screw of the implant (black circle) were
harvested for histological examination. Allo-DDM: allogeneic demineralized dentin matrix.

2.4. Measurement of Buccal Marginal Bone (BMB) Resorption Using Cone-Beam Computed Tomography (CBCT)

BMB resorption around the implant was measured using linear cone-beam computed tomography
(CBCT, Vatech, Seoul, Korea) measurement tools (EasyDent Viewer, Vatech, Seoul, Korea) on the
center-aligned dental implant in a cross-sectional slice from the base of the implant to the crest of
the buccal marginal bone height. The time points were immediately after implantation with GBR
(T1: Figure 2a,d), prosthetic loading (T2: Figure 2b,e), and after 12 months of functional loading
(T3: Figure 2c,f). On the cross-sectional view of the CBCT, a vertical reference line was drawn from the
radiolucent center of the cover screw to the mid-cylinder of the fixture. The horizontal reference line at
the marginal crest of the bone, grafted, or formed, was drawn perpendicular to the vertical reference
line (Figure 2a). The BMB was measured based on these reference lines relative to the marginal crest
and dental implant apex at T1, T2, and T3. BMB resorption was classified as initial resorption (T1 to T2)
and functional resorption (T2 to T3). If there was an increase in BMB height at 12 months compared
with the baseline, the amount of resorption was set at zero.
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Figure 2. Buccal marginal bone (BMB) changes on cone-beam computed tomography (CBCT) images
of allogeneic demineralized dentin matrix (Allo-DDM) (a,b,c) and autogenous demineralized dentin
matrix (Auto-DDM) (d,e,f) at T1 (immediately after implantation), T2 (before prosthetic loading), and T3
(12 months after prosthetic loading). (a,d) Cross-sectional views at implantation and simultaneous
guided bone regeneration (GBR) with Allo-DDM and Auto-DDM. The vertical reference line passed
through the middle of the implant from the apex to the center of the cover screw, and the horizontal
reference line at the marginal crest of the grafted bone was drawn perpendicular to the vertical
line. The BMB height was measured from the apex of the dental implant to the marginal crest
of the grafted bone. (b,e) After 4 months of GBR, initial BMB resorption was measured based on
the reference lines. This is the baseline for comparison with functional resorption at 12 months of
prosthetic loading. (c,f) At 12 months after loading, the crestal bone around the implant neck showed
gradual remodeling with cortical bone formation and developing cancellous bone support. Allo-DDM;
allogeneic demineralized dentin matrix; Auto-DDM; autogenous demineralized dentin matrix; BMB,
buccal marginal bone; GBR, guided bone regeneration; CBCT, cone-beam computed tomography.

2.5. Statistical Analysis

The parametric assumptions of the data were verified using the Kolmogorov–Smirnov test.
Comparisons of mean age and BMB height change were analyzed using an independent sample t-test
between the sexes and jaw types. The BMB height was analyzed using a paired t-test between every
stage (T1–T2, T1–T3, and T2–T3). The BMB change between the initial and functional resorption was
analyzed using a paired t-test for the difference between the stages. An independent sample t-test
was used to analyze the differences in the initial and functional resorptions between the maxilla and
mandible. Data are presented as mean ± standard deviation, and statistical analysis was performed
using SPSS 25.0 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results

A total of 96 surgeries (54 in the maxilla and 42 in the mandible) were performed on 44 and
52 patients with Auto- and Allo-DDM, respectively. The total BMB heights were 10.78 ± 1.84,
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10.15 ± 1.82, and 9.80 ± 1.64 mm at T1, T2, and T3, respectively. They presented a significant decrease
between each stage (P < 0.001, Table 1). No significant changes observed in both the sexes and jaws for
BMB height (Table 1). According to the types of DDM, the BMB heights were higher in Auto-DDM
compared with the Allo-DDM (Table 1). At T1, the BMB heights of Auto-DDM and Allo-DDM were
11.76 ± 1.84 and 10.78 ± 1.45 mm, respectively (P = 0.004). At T2, the BMB heights of Auto-DDM and
Allo-DDM were 11.09 ± 1.70 and 10.45 ± 1.82 mm, respectively (P = 0.011). At T3, the BMB heights of
Auto-DDM and Allo-DDM were 10.45 ± 1.77 and 9.80 ± 1.64 mm, respectively (P = 0.065).

Total initial and functional resorptions were 0.72 ± 0.86 and 0.58 ± 0.70 mm, respectively, without
significant differences between the periods. Both the initial resorption (0.73 ± 0.97 and 0.72 ± 0.77 mm;
P = 0.973) and functional resorption (0.69 ± 0.81 and 0.48 ± 0.58 mm, P = 0.141) were not statistically
different between the Auto- and Allo-DDM (Table 2, Figure 3).

Table 2. Initial and functional buccal marginal bone (BMB) resorption around implants using autogenous
demineralized dentin matrix (Auto-DDM) and allogeneic demineralized dentin matrix (Allo-DDM).

Initial Resorption
(T2-T1)

Functional Resorption
(T3-T2) p-Value

Total 0.72 (0.86) 0.58 (0.70) 0.272 *
(Initial vs. Functional resorption)

Auto-DDM (n = 44) 0.73 (0.97) 0.69 (0.81) Initial resorption: 0.973 †
Functional resorption: 0.141 †Allo-DDM (n = 52) 0.72 (0.77) 0.48 (0.58)

Maxilla (n = 54) 0.84 (0.98) 0.64 (0.76) Initial resorption: 0.145 †
Functional resorption: 0.374 †Mandible (n = 42) 0.58 (0.66) 0.51 (0.61)

Maxilla
Auto-DDM (n = 26) 0.82 (1.18) 0.71 (0.90) Initial resorption: 0.899 †

Functional resorption: 0.502 †Allo-DDM (n = 28) 0.85 (0.78) 0.57 (0.59)
Mandible

Auto-DDM (n = 18) 0.59 (0.54) 0.67 (0.67) Initial resorption: 0.889 †
Functional resorption: 0.133 †Allo-DDM (n = 24) 0.57 (0.75) 0.38 (0.55)

BMB; buccal marginal bone. * Paired t-test. † Independent-sample t-test.

Concerning the differences between the jaws, the initial resorption on the maxilla (0.84 ± 0.98 mm)
was higher than that on the mandible (0.58 ± 0.66 mm) without significance (P = 0.145). However, the
functional resorption was similar between the maxilla and mandible (0.64 ± 0.76 and 0.51 ± 0.61 mm,
P = 0.374) (Table 2, Figure 3).

In the maxilla, the resorption of Auto- and Allo-DDM were similar to the initial resorption
(0.82 ± 1.18; ranged between 0–2.00 mm and 0.85 ± 0.78; ranged between 0–1.80 mm, P = 0.899) and
functional resorption (0.71 ± 0.90; ranged between 0–2.00 mm and 0.57 ± 0.59 mm; ranged between
0–1.90 mm, P = 0.502). In the mandible, the resorption of Auto- and Allo-DDM was similar at the initial
resorption (0.59 ± 0.54; ranged between 0–3.70 mm and 0.57 ± 0.75 mm; ranged between 0–1.80 mm,
P = 0.899) and functional resorption (0.67 ± 0.67; ranged between 0–3.20 mm and 0.38 ± 0.55 mm;
ranged between 0–1.80 mm, P = 0.133) (Table 2, Figure 3).
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Figure 3. Buccal marginal bone (BMB) changes on cone-beam computed tomography images of
autogenous demineralized dentin matrix (Auto-DDM) and allogeneic demineralized dentin matrix
(Allo-DDM) according to the jaw (Table 2). The Auto-DDM and Allo-DDM grafts did not affect BMB
resorption among the subgroups.

Histological Observations

Figure 4 shows HE-stained sections of Allo-DDM and Auto-DDM grafts at the time of prosthetic
loading (T2). Woven bone formation, maturation with primary and secondary osteons, and remodeling
with developing blood vessels (red arrowhead) are shown. Both the Allo-DDM and Auto-DDM
particles (asterisk) were surrounded by newly formed osteoid with no gaps (black arrowhead). There
was no inflammatory cell infiltration or impingement of the connective tissue into the DDM particles.
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Figure 4. Histological findings of autogenous demineralized dentin matrix (Auto-DDM) and
allogeneic demineralized dentin matrix (Allo-DDM) grafts at four months of guided bone regeneration.
(Left; Allo-DDM, Right; Auto-DDM). Woven bone formation, maturation with primary and secondary
osteons, and remodeling with developing blood vessels (red arrowhead). Newly formed osteoid
surrounded the DDM particle (asterisk) closely without gaps (black arrowhead). There was no
inflammatory cell infiltration or impingement of the connective tissue into DDM particles.

4. Discussion

The purpose of this clinical pilot study was to analyze BMB resorption during 12 months after
prosthetic loading of a dental implant with GBR using Allo-DDM. To the best of our knowledge, there
are no prior data on BMB resorption after prosthetic loading of dental implants with Allo-DDM as GBR
material. We hypothesized that Allo-DDM grafted around the dental implant would not be inferior to
Auto-DDM in terms of BMB resorption after 12 months of functional loading.

In this study, the initial resorption during the healing period before prosthetic loading was 0.73
and 0.72 mm with Auto- and Allo-DDM, respectively, which validates the previously reported clinical
results (average 0.77 mm) of Auto-DDM applications for GBR at three to six months [25]. Another study
comparing Auto-DDM with Bio-Oss collagen demonstrated vertical bone loss ranging between 0.97
and 1.13 mm, respectively, and showed that Auto-DDM was not inferior to Bio-Oss collagen [26].
A randomized, controlled, prospective, clinical pilot study using autogenous (mineralized)-tooth-graft
in humans showed lower resorption values (average 0.28 mm) in the alveolar crest height at four
months compared with β-tricalcium phosphate (β-TCP) (average 1.72 mm) and ungrafted sites
(average 2.60 mm reduction) [27]. Thus, the evidence states that BMB resorption of Allo-DDM in
GBR during the healing period was very similar to the Auto-DDM application, although most of
the Auto-DDM studies were based on socket preservation without implant placement. Concerning
Allo-DDM applications, Joshi et al. [21] conducted a randomized, controlled, prospective, clinical
study on allogeneic mineralized dentin grafts in 15 patients for GBR without implant placement. They
reported 0.31 mm of initial BMB resorption four months after the graft and showed the least amount of
initial BMB resorption after GBR in comparison to freeze-dried bone allograft (FDBA) (0.87-mm of
resorption) [21]. These studies indicate that initial BMB resorption with Allo-DDM during the healing
stage before prosthetic loading showed similar results to those of other studies using Auto-DDM,
which is not inferior to Bio-Oss collagen, FDBA, or β-TCP [28–31].

Both functional BMB resorption of 0.69 and 0.48 mm in Auto-DDM and Allo-DDM, respectively,
in this study complied with the long-term success criterion, which is defined as BMB loss < 1.5 mm
within the first year after prosthetic loading [32]. With particulate autogenous bone grafts, the BMB
loss around dental implants was 0.74 mm at three months, with up to 1.67 mm of resorption at
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12 months [33]. In a prospective clinical study of Auto-DDM versus Bio-Oss granules in GBR for
immediate implantation in periodontal post-extraction sites, Auto-DDM (1.9 mm) and Bio-Oss (2.0 mm)
showed similar results for BMB resorption values at six months postoperatively [11]. In a five-year
follow-up of five patients who received Auto-DDM grafts for GBR, only one patient showed BMB
resorption of 1 mm [9]. Even when the implant was placed without a bone graft, the BMB resorption
was approximately 1 mm during the first year [34]. The authors noted that the bone-retaining group at
the 1-year time point had thicker buccal bone walls at baseline compared with the bone-loss group.
The initial buccal bone contour (thickness) was significantly associated with bone retention or loss at
1 year [34]. However, we did not measure the thickness of the remaining BMB before GBR because the
resorbing buccal marginal bone was trimmed to at least 0.5 mm thickness or more.

Regarding the maxilla and mandible, maxillary BMB height showed more resorption than that
of the mandible during both the initial and functional periods. However, Szava et al. reported that
implants placed in the maxilla showed less bone loss than implants placed in the mandible after
1-year loading [35]. This result suggests that there are differences in remodeling procedures after GBR
between the maxilla and mandible, and there may be greater volumetric shrinkage in the maxilla than
in the mandible. The BMB resorption in CBCT was associated with a remodeling process rather than
inflammatory destruction of the cortical bone around the implant neck [9]. Both in the maxilla and
mandible, the BMB was less mineralized and mature before prosthetic loading. Twelve months after
prosthetic loading, the BMB showed sound cortico-cancellous bone complexes surrounding the implant
neck area without inflammatory destruction of the cortical bone. Therefore, the BMB resorption in this
study was commensurate with the remodeling process rather than inflammatory bone resorption [36].

There have been previous concerns regarding the antigenicity of Allo-DDM in clinical applications.
In the 1970s, several animal studies investigating the antigenicity of Allo-DDM showed a negligible
inflammatory reaction. Therefore, the immune response to the first set of demineralized and lyophilized
allogeneic dentin implants did not prevent bone induction [15,16]. In 1983, Schwartz examined the
prevalence of allogeneic immune reactions elicited by implantation of allogeneic dentin using a
blood test and reported no correlation between the incidence of immune reactions and the clinical
or radiographic course of treatment. Moreover, there was a feeble correlation between the immune
reaction and the HLA- or ABO-matched grades [37]. Carvalho et al. [38] and Gomes et al. [39] reported
that the use of Allo-DDM was biocompatible with the process of bone repair and showed excellent rates
of graft acceptance in rabbits treated with Allo-DDM. Kim et al., however, reported very similar results
to those of Auto-DDM in qualitative and histological observations [20]. Although we obtained only one
sample each Auto-DDM and Allo-DDM graft, histological findings presented excellent biocompatibility
and satisfactory bone formation and remodeling, which corresponded to previous clinical reports of
Auto- and Allo-DDM in 2016 [9,36]. In 2017, Joshi et al. [21] reported that the occasional immunizing
effects of Allo-DDM did not contraindicate future clinical applications in humans.

The allogeneic applications of human DDM have several differences when compared with
demineralized freeze-dried bone (DFDB), which has been extensively used in alveolar bone
augmentation since 1980s [40] with a risk of transmission of viral diseases such as HIV, HBV,
HCV, and venereal diseases such as syphilis. Foremost, dentin is a cell-free matrix without blood
vessels, while bone includes osteocytes and blood vessels, which are the principal carriers of viruses
and antigenicity [41,42]. Additionally, DFDB is collected from the deceased, while DDM can be
legally procured and collected from patients during dental treatment. Therefore, the risk of infection
and transmissible viral diseases can be significantly reduced with the application of DDM [23,42].
Furthermore, demineralization has been confirmed as a viral inactivation method and is used by many
tissue banks to validate viral clearance for DFDB [43,44]. Additionally, the demineralization of dentin
can be a potent viral inactivation method for DDM [23]. Thus, the use of Allo-DDM has resolved the
issues of antigenicity and reduced the risk of transmissible viral diseases [23,43,44].

This clinical pilot study had several limitations. Foremost, the participants were unevenly
distributed according to age, sex, site location (i.e., maxilla and mandible), or length of the implant.
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These factors affected the dimensional changes in BMB. Subsequently, this study was a clinical pilot
study and not a randomized controlled trial. Consequently, more randomized controlled trials with
appropriate control groups are necessary due to the heterogeneity of the data. Furthermore, the change
in alveolar bone width during the healing period and thickness of BMB before GBR was not measured,
which was a major contributing factor related to the fate of BMB resorption. Besides, histomorphometric
analysis was not performed owing to a lack of consent.

5. Conclusions

Within the limitations of this study, we recommend that Allo-DDM in GBR show clinical results
comparable to those of Auto-DDM in terms of BMB resorption during the first year of functional
loading. This study can provide a rationale for further long-term randomized well-controlled trials to
confirm the effectiveness of Allo-DDM.
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