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Abstract

After tooth extraction, dimensional changes affect the alveolar socket, leading to loss in alveolar bone height and
width. Histological modifications also occur, with initial formation of a blood clot that is replaced with granulation tis-
sue and subsequently with a provisional connective tissue matrix. Spontaneous healing ends with socket filling with
woven bone, which is gradually replaced with lamellar bone and bone marrow. Adequate alveolar ridge dimensions
and bone quality are required to assure optimal stability and osseointegration following dental implant placement.
When a tooth is extracted, alveolar ridge preservation (ARP) procedures are an effective method to prevent collapse
of the post-extraction socket. Heterologous bone is widely chosen by clinicians for ARP, and anorganic bone xeno-
grafts (ABXs) made bioinert by heat treatment represents the most used biomaterial in clinical applications. Colla-
gen-preserving bone xenografts (CBXs) made of porcine or equine bone are fabricated by less invasive chemical or
enzymatic treatments to remove xenogenic antigens, and these are also effective in preserving post-extraction sites.
Clinical differences between anorganic bone substitutes and collagen-preserving materials are not well documented
in the literature but understanding these differences could clarify how processing protocols influence biomaterial
behavior in situ. This systematic review of the literature compares the dimensional changes and histological features
of ABXs versus CBXs in ridge preservation procedures to promote awareness of different bone xenograft efficacies in
stimulating the healing of post-extraction sockets.
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Introduction

Bone grafts and substitutes are increasingly used in den-
tal implantology due to the growing need for replacing
insufficient alveolar bone before implant placement [1].
One of the primary reasons for bone deficiency is tooth
loss due to periodontal disease, tooth fracture/trauma,
periapical lesions, or other pathological conditions [2].
Experimental evidence collected through animal [3, 4]
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and human [5, 6] studies demonstrated that after tooth
extraction, the alveolar bone undergoes a remodeling
process with consequent resorption of the vestibular
cortical bone and gradual loosening of the marrow com-
ponent of the alveolus. Bone reduction is mainly due to
the lack of intraosseous stimulation normally provided by
periodontal ligament fibers [1], and it is probably corre-
lated with disruption of the blood supply and osteoclas-
tic activity that occur after tooth extraction [7, 8]. The
greatest amount of alveolar socket resorption occurs in
the first 3 months after extraction, with a 30% reduction
of the alveolar ridge (3.87 mm in width and 1.67 mm
in height) [9-11]. Dimensional changes take place up
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to 1 year thereafter, with about 50% total reduction
(5-7 mm in width) of the alveolar ridge within 12 months
post-extraction [8, 12, 13]. Interestingly, alveolar ridge
resorption is more severe on the buccal side than on the
lingual side [3, 11].

Bone dimensional changes at the post-extraction site
influence the subsequent implant treatment plan; this
important clinical issue is currently treated by alveo-
lar ridge preservation (ARP) techniques. Also known as
“socket preservation’, ARP includes methods of counter-
acting alveolar bone resorption after tooth extraction by
(1) maintaining the soft and hard ridge components, (2)
sustaining bone regeneration within the socket, and (3)
facilitating prosthetically driven implant placement [10,
14-16]. Recent systematic reviews with meta-analyses
demonstrated that in comparison with unassisted socket
healing, ARP procedures reduce alveolar bone dimen-
sional changes and can promote bone regeneration at the
post-extraction site [17—20]. Furthermore, dental implants
inserted into ARP-treated sites exhibited a high survival
rate [20]. ARP is most commonly achieved by filling the
alveolar socket with a bone grafting material immediately
after tooth extraction [13]. The ideal properties of bone
substitute materials include osteogenic, osteoinductive,
and osteoconductive capacities similar to the native bone,
as well as high biocompatibility and low immunogenicity
[21]. Materials currently being investigated for ARP use
include autologous bone, demineralized or mineralized
freeze-dried bone allografts, xenogenic bone, alloplastic
polymers, bioactive glasses, and composite ceramic sub-
stitutes [22, 23]. Among these options, xenografts seem
to avoid comorbidity issues, ensuring larger availability
from animal rather than human bone and avoiding tissue-
banking costs. Furthermore, xenogenic bone shows better
resorption and integration capacity with the host tissue
than synthetic materials.

Amongst heterologous materials, the use of anorganic
bone xenografts (ABXs) for ARP procedures is well sup-
ported by scientific literature, with successful outcomes
obtained in both animal preclinical studies and human
randomized clinical trials [24-26]. ABXs are produced
by exposure to heat and chemical extraction processes
to remove immunogenic and organic components and
are then prepared as porous grains (0.25-2 mm) [25, 27].
Regardless of the species of origin (i.e., bovine or por-
cine), ABXs exhibit structures and properties similar to
their human counterparts, with clinical evidence dem-
onstrating comparable outcomes among xenografts from
different sources [28]. Besides demonstrating good osteo-
conductive properties, heat-treated ABXs also have poor
resorption rates [29-31].

Another xenogenic biomaterial successfully used for
ARP procedures is non-heat treated cortico-cancellous
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porcine bone (CPB), which is subjected to a collagen-pre-
serving chemical process for immunogenic component
removal and is then prepared as micro-porous particles
(diameter 0.6—-1 mm) [32]. These collagen-containing
porcine bone grafts possess excellent osteoconductive
properties and do not cause inflammatory infiltration
[33, 34]. These biomaterials also show clear signs of
resorption/remodeling after socket grafting, with the for-
mation of scalloped lacunae [35, 36].

Successful ARP outcomes were recently achieved by
grafting the post-extraction socket with enzyme-deanti-
genic equine bone (EDEB), which also consists of a mix-
ture of cancellous and cortical bone granules (diameter
0.25-1 mm) made non-antigenic with digestive enzymes
[37, 38]. In addition to ARP procedures, EDEB was used
with satisfactory results in peri-apical cyst-removal
management [39], horizontal/vertical ridge and sinus
augmentation [40-42], and orthopedic applications
[43-45].

Unlike ABXs, CPB and EDEB are collagen-preserv-
ing bone xenografts (CBXs) manufactured by chemical
(CPB) or enzymatic (EDEB) treatment that maintains
type I bone collagen in its native state. This may offer
important advantages in terms of stimulation of the
regenerative process, integration with the host tissue, and
graft resorption rate [38, 46, 47].

There is scant evidence in the literature about which
of these two classes of xenogenic bone substitutes—
ABXs or CBXs—is better for preserving post-extrac-
tion sockets. To the best of our knowledge, only three
clinical trials have compared the dimensional and histo-
morphometric outcomes of ABXs and CBXs, with one
suggesting that CBX might produce a better healing
pattern, and one demonstrating that collagen-preserv-
ing material obtained by enzymatic treatment ensures
better bone regeneration and graft resorption [31, 36,
38]. This systematic review was performed to (1) com-
pare bone dimensional changes after tooth extraction
and ARP by ABXs or CBXs and (2) analyze and com-
pare histologic and histomorphometric outcomes for
post-extraction sites grafted with the two types of bone
substitutes.

Materials and methods

The present review was designed and conducted accord-
ing to PRISMA (Preferred Reporting Items Systematic
review and Meta-Analyses) guidelines [48, 49].

Focused questions
1) Bone dimensional changes: which bone xenograft

between ABXs and CBXs best preserves the horizon-
tal and vertical ridge dimensions after ARP?
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2) Bone regeneration: which bone xenograft between
ABXs and CBXs achieves the best percentage of new
bone formation after ARP?

Eligibility criteria
The inclusion criteria of studies for this systematic review
were organized according to the PICOT format [50].

Patients (P): Adult patients (age between 18 and
85 vyears) undergoing ARP procedures after tooth
extraction.

Intervention (I): ARP strategies based on the use of
anorganic bone or CBXs to fill the alveolar socket.

Comparison (C): All grafting procedures were con-
sidered for comparison, including different xenograft or
allograft/synthetic materials, the use of a barrier mem-
brane alone or in combination with the graft, and the
non-intervention strategy (i.e., spontaneous healing).

Outcomes (O): The primary outcomes included: (1)
bone dimensional changes evaluated by horizontal and
vertical measurement of the alveolar ridge; (2) bone
regeneration evaluated by histomorphometric analyses of
bone biopsies to assess the percentage of newly formed/
vital bone, as well as the amounts of connective tissue
and residual grafting material. The secondary outcomes
included: (1) change in buccal plate thickness; (2) bone
volume alteration following extraction; (3) complications;
(4) histological healing characteristics; (5) site eligibility
for placement of an adequate size dental implant with
or without further augmentation; (6) patient-reported
outcomes.

Time (T): Follow-up after the surgical intervention at
least 3 months.

Studies were filtered by considering only clinical trials
investigating ABXs or CBXs for alveolar ridge preserva-
tion after tooth extraction. The exclusion criteria were
the following: (1) cross-sectional studies, case series, case
reports, pre-clinical studies, in vitro investigations; (2)
studies reporting different primary outcome measures
(i.e., soft tissue changes, implant stability after ARP); (3)
clinical studies not clearly meeting the inclusion criteria.

Search strategy

Electronic databases (MEDLINE (PubMed), EMBASE,
Cochrane Central Register of Controlled Trials, and
Scopus) were methodically searched for eligible arti-
cles by using the following combinations of keywords
and MeSH terms: “alveolar ridge preservation’, “alveolar
preservation’, “ridge preservation’, “socket preservation’,
“post-extractive socket’, “bone xenograft’, “bovine bone
xenograft’, “deproteinized bovine bone’, “deproteinized

bovine bone matrix’, “deproteinized porcine bone’, “por-
animal

” o« » o«

cine bone xenograft’, “equine bone xenograft’,
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bone graft’, “animal bone substitute’, “heterologous bone
graft’, “heterologous bone substitute” Only studies in
English language were included, whereas no time restric-
tions were set to filter articles.

Study selection

Titles and abstracts obtained by the electronic search
were initially screened by the five authors. The full paper
was considered for studies that had a missing or insuffi-
cient abstract to determine eligibility. Full-text versions
of all the eligible articles were then obtained and care-
fully investigated by the five authors for final inclusion.
The five authors performed parallel independent assess-
ment and selection of the manuscripts and they had to
agree on the inclusion/exclusion criteria and the finally
included papers. Any disagreements among reviewers
were resolved through discussion and consensus with the
supervision by the corresponding author. At the end of
the selection process, a total of 39 studies was included in
the systematic review.

Data collection
Included studies were analyzed by recording the follow-
ing primary outcome measures:

1) Horizontal dimensional changes of the alveolar
socket (in mm), measured clinically or radiographi-
cally at the level of the crest, or at different vertical
distances from the crest or landmarks (i.e., adjacent
teeth or implants).

2) Vertical dimensional changes of the alveolar socket
(in mm) measured clinically or radiographically
either at the level of the crest or at the buccal and
palatal/lingual aspect.

3) Histomorphometric evaluation of the percentage of
newly formed bone (NFB), soft tissues, residual graft
particles.

Dimensional outcomes were calculated as differences
between baseline (i.e., soon after tooth extraction) and
the clinical/radiological situation at follow-up. Meas-
ures could be either positive or negative, with negative
and positive values indicating a loss/reduction and gain/
increase of ridge dimensions, respectively.

Collected data were summarized by preparing sche-
matic tables regarding (1) main study characteristics (i.e.,
first author, year of publication, study design, patient
characteristics, surgical interventions, type of bone xeno-
graft, reported outcomes), (2) dimensional outcomes of
ARP procedures using ABXs, (3) dimensional outcomes
of ARP procedures using CBXs, (4) histomorphometric
outcomes of ARP procedures using ABXs, and (5) histo-
morphometric outcomes of ARP procedures using CBXs.
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Due to high variability of data and heterogeneity of the
selected clinical trials, no meta-analysis could be per-
formed to statistically compare the clinical outcomes of
bone xenografts in ARP procedures.

Risk of bias assessment

Quality evaluation on the selected studies was performed
according to the Cochrane Handbook for Systematic
Reviews of Interventions [51]. The following quality crite-
ria were verified: random generation, allocation conceal-
ment, blinding of participants and personnel, blinding
of outcome assessment, incomplete outcome data, and
other sources of bias.

Results

Study selection

The results of the literature search are shown in the
PRISMA flow diagram (Fig. 1). The initial search yielded
542 total records. After removal of duplicates, 251
articles underwent title and abstract screening, which
led to the exclusion of 145 records. Thus, 106 articles
remained for full-text assessment (Fig. 1). There were 30
papers evaluating ARP techniques based on the use of
ABXs [23, 26, 28, 52—78] and 9 papers evaluating ARP
techniques based on the use of CBXs [31, 34, 36, 38,
79-83] that were eligible for inclusion (Table 1). Among
these, 27 records about ABXs [23, 28, 53, 54, 56—78]
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and 7 records about CBXs [31, 34, 36, 79-81, 83] were
eligible for inclusion in the analysis of horizontal and
vertical changes of the alveolar ridge (Tables 2 and 3).
In parallel, 19 records about ABXs [26, 28, 52-58, 60,
63, 66—-68, 70, 73, 75-77] and 4 [31, 38, 79, 82] records
about CBXs were eligible for inclusion in the analysis
of histomorphometric outcomes (Tables 4 and 5). The
most common reasons for exclusion were (1) not con-
sidering a xenograft material for ARP; (2) reporting of
changes related to alveolar ridge volume, basal/superior
surfaces, and shape; (3) reporting of implant primary
and secondary stability as outcome variables; and (4)
presenting case reports or case series with limited num-
ber of patients (n < 10).

Study characteristics

An overview of the main characteristics of eligible
papers is provided by Table 1. Most studies (n=230)
resulted to be randomized controlled trials (RCT), with
either prospective (n="7) and retrospective (n=2) clini-
cal trials being selected during the literature search.
Almost all the studies considered tooth extraction, ARP
procedures and delayed implant placement as surgical
interventions. Besides the primary outcome variables,
site eligibility, histological healing characteristics, and
complication were the most frequently reported second-
ary outcomes.

Records identified through
database searching
n=315

Additional records identified
through other sources
n =227

Records after duplicates removed
n =251

r—i—\

Records screened
n =251

Full-text articles

~N
Records excluded
n =145
J

(Full-text articles excluded,\

) [ Etigibility ] [ screening ] [ Identification |

[ Included

Fig. 1 PRISMA flow diagram displaying the search results
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Table 1 Characteristics of the studies included in the systematic review (n = 39)
First Study design Patient Surgical Type of bone Outcome variables
Author(Publication characteristics interventions xenograft -
Year) Primary outcomes Secondary
outcomes
Carmagnola(2003)  Prospective clinical N =21 (8F/13M) Tooth extraction ABX - Histomorphomet- - Site eligibility for
[52] trial MEAN AGE: 56.5 +  ARP procedure ric measures implant placement
9.7 years Implant placement
AGE RANGE: 39-76
years
Extraction sockets:
31
Vance(2004) [53] RCT N = 24 (15F/9M) Tooth extraction ABX - Ridge dimen- - Changes in soft tis-
MEAN AGE:56 11 ARP procedure sional changes sue thickness
years Implant placement - Histomorphomet- - Histological healing
Extraction sockets: ric measures characteristics
24 - Site eligibility for
implant placement
Mardas(2010) [54] RCT N =27 (21F/6M) Tooth extraction ABX - Ridge dimen- - Site eligibility for

Heberer(2011) [55]

Nam (2011) [56]

Gholami (2012) [57]

Cook(2013) [58]

Jung (2013) [59]

Calasans-Maia
(2014) [60]

Cardaropoli (2014)
[61]

Prospective clinical
trial

Prospective clinical
trial

RCT

RCT

RCT

RCT

RCT

MEAN AGE: 373 £+

11.4 years

AGE RANGE: 20-58
years

Extraction sockets:
26

N = 25 (10F/15M)
MEAN AGE: 49.9
years

AGE RANGE: 36-67
years

Extraction sockets:
39

N =42 (22F/20M)
AGE RANGE: 36-65
years

Extraction sockets:
44

N =12 (8F/4M)
MEAN AGE: 44.6 +
11.4 years

AGE RANGE: 21-60
years

Extraction sockets:
28

N = 44 (26F/18M)
MEAN AGE: 56 years
AGE RANGE: 23-78
years

Extraction sockets:
40

N = 40 (23F/17M)
MEAN AGE: 55
years

Extraction sockets: 40

N =20 (13F/7M)
AGE RANGE: 30-60
years

Extraction sockets:
20

N =41 (17F/24M)
MEAN AGE: 472 £
12.9 years
Extraction sockets:
48

ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure

Tooth extraction
ARP procedure

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Collagenated ABX

ABX

+/- coating with
collagen-binding
peptide

ABX

Collagenated ABX

Collagenated ABX

ABX

Collagenated ABX

sional changes
- Histomorphomet-
ric measures

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

implant placement
- Gingival recession
- Probing pocket
depth

- Histological healing
characteristics

- Site eligibility for
implant placement

- Complications

- Site eligibility for
implant placement

- Histological healing
characteristics

- Site eligibility for
implant placement

- Buccal plate thick-
ness

- Site eligibility for
implant placement

- Buccal plate thick-
ness
- Complications

- Site eligibility for
implant placement
- Complications

- Buccal plate thick-
ness
- Complications
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Table 1 (continued)
First Study design Patient Surgical Type of bone Outcome variables
Author(Publication characteristics interventions xenograft
Year) Primary outcomes Secondary
outcomes
Pang (2014) [62] Prospective, rand- N =30 (16F/14M)  Tooth extraction ABX - Ridge dimen- - Bone volume
omized clinical trial  MEAN AGE: 37 years ARP procedure sional changes changes
AGE RANGE: 22-47  Implant placement - Complications
years
Extraction sockets:
30
Milani (2016) [26] Prospective, rand- N =20 (16F/14M)  Tooth extraction ABX - Histomorphomet- - Site eligibility for

Scheyer (2016) [63]

lorio-Siciliano
(2017) [64]

Lim (2017) [65]

Nart (2017) [66]

Pang (2017) [67]

Serrano Mendez
(2017) [68]

Fischer (2018) [69]

Shim (2018) [70]

Tomasi (2018) [71]

omized clinical trial

RCT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

MEAN AGE: 50.8
years

Extraction sockets:
20

N = 40 AGE RANGE:
18-70 years
Extraction sockets:
40

N =20 (OF/11M)
MEAN AGE: 39.2
years

Extraction sockets: 20

N =30 (12F/18M)
MEAN AGE: 50.2 +
15.7 years

AGE RANGE: 22-82
years

Extraction sockets:
30

N =21 (15F/6M)
MEAN AGE: 56.76
years

Extraction sockets:
22

N =24 (13F/11M)
MEDIAN AGE: 58
years

Extraction sockets:
33

N = 20 (10F/10M)
MEAN AGE: 44 years
Extraction sockets: 20

N = 40 (24F/16M)
MEAN AGE: 55.7 +
14.8 years

AGE RANGE: 18-80
years

Extraction sockets:
40

N =15 (3F/12M)
AGE RANGE: 39-77
years

Extraction sockets:
20

N =27 (16F/11M)
MEAN AGE: 52 years
AGE RANGE: 38-79
years

Extraction sockets:
40

ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Tooth extraction
ARP procedure
Implant placement

Collagenated ABX

Collagenated ABX

Collagenated
bovine or porcine
ABX

ABX
+/- heterologous
collagen

ABX

Collagenated ABX

ABX

ABX

Collagenated ABX

ric measures

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

- Ridge dimen-
sional changes

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

- Ridge dimen-
sional changes

- Histomorphomet-
ric measures

- Ridge dimen-
sional changes

implant placement
- Histological healing
characteristics

- Site eligibility for
implant placement

- Histological healing
characteristics

- Site eligibility for
implant placement
- Complications

- Site eligibility for
implant placement
- Complications

- Buccal plate thick-
ness

- Site eligibility for
implant placement
- Histological healing
characteristics

- Complications

- Site eligibility for
implant placement
- Implant stability

- Complications

- Site eligibility for
implant placement

- Histological healing
characteristics

- Site eligibility for
implant placement
- Need for bone
augmentation

- Histological healing
characteristics
- Complications

- Site eligibility for
implant placement
- Complications
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Table 1 (continued)
First Study design Patient Surgical Type of bone Outcome variables
Author(Publication characteristics interventions xenograft
Year) Primary outcomes Secondary
outcomes
Cha (2019) [72] RCT N =39 (13F/26M)  Tooth extraction Collagenated ABX - Ridge dimen- - Site eligibility for
MEAN AGE: 53.4 ARP procedure sional changes implant placement
years Implant placement - Need for bone
Extraction sockets: 39 augmentation
- Complications
Lim (2019) [73] RCT N =29 (8F/21M) Tooth extraction Collagenated ABX - Ridge dimen- - Site eligibility for
MEAN AGE: 54.2 ARP procedure sional changes implant placement
years Implant placement - Histomorphomet- - Need for bone
Extraction sockets: ric measures augmentation
29 - Change of marginal
bone level
- Implant survival rate
Llanos (2019) [74] RCT N =65 (31F/34M)  Tooth extraction ABX - Ridge dimen- - Buccal plate thick-
MEAN AGE: 42.6 ARP procedure +/- heterlogous sional changes ness
years Implant placement collagen - Site eligibility for
Extraction sockets: implant placement
40 - Complications
Machtei (2019) [75] RCT N =33 (12F/21M)  Tooth extraction ABX - Ridge dimen- - Buccal plate thick-
MEAN AGE: 639+  ARP procedure sional changes ness
8.1 years Implant placement - Histomorphomet- - Histological healing
AGE RANGE: 45-80 ric measures characteristics
years - Pain scores
Extraction sockets:
33
Santana (2019) [76] RCT N =32 (18F/14M)  Tooth extraction ABX - Ridge dimen- - Complications
MEAN AGE:42 +8 ARP procedure sional changes
years Implant placement - Histomorphomet-
AGE RANGE: 34-52 ric measures
years
Extraction sockets:
41
Taschieri (2019) [77]  Prospective clinical N = 20 (8F/12M) Tooth extraction ABX - Ridge dimen- - Site eligibility for
trial MEAN AGE: 428 +  ARP procedure sional changes implant placement
5.1 years Implant placement - Histomorphomet- - Histological healing
AGE RANGE: 33-50 ric measures characteristics
years - Complications
Extraction sockets: - Patients’ quality
20 of life
- Pain scores
lorio-Siciliano RCT N =40 (22F/18M)  Tooth extraction ABX - Ridge dimen- - Site eligibility for
(2020) [78] MEAN AGE: 40.3 ARP procedure +/- heterologous  sional changes implant placement
years Implant placement collagen
Extraction sockets:
40
Lai (2020) [28] RCT N =44 (27F/17M)  Tooth extraction Bovine or porcine - Ridge dimen- - Buccal plate thick-
MEAN AGE: 57 years  ARP procedure ABX sional changes ness
AGE RANGE: 24-83  Implant placement - Histomorphomet- - Site eligibility for
years ric measures implant placement
Extraction sockets: - Implant stability
38 - Histological healing
characteristics
- Complications
Lee (2020) [23] RCT N =28 (10F/18M)  Tooth extraction Collagenated ABX - Ridge dimen- - Site eligibility for

MEAN AGE: 52.9
years

AGE RANGE: 22-74
years

Extraction sockets:
28

ARP procedure
Implant placement

+/- EMD

sional changes implant placement
- Early postoperative
discomfort

- Soft tissue wound

healing
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Table 1 (continued)
First Study design Patient Surgical Type of bone Outcome variables
Author(Publication characteristics interventions xenograft
Year) Primary outcomes Secondary
outcomes
Barone (2008) [79] RCT N =40 (24F/16M)  Tooth extraction CBX - Ridge dimen- - Plagque index,
AGE RANGE: 26-69  ARP procedure sional changes gingival index and
years Implant placement - Histomorphomet-  bleeding on probing
Extraction sockets: ric measures - Site eligibility for
40 implant placement
- Histological healing
characteristics
- Complications
Barone (2013) [34] Prospective rand- N =59 (39F/20M)  Tooth extraction CBX - Ridge dimen- - Plague index and
omized clinical trial  MEAN AGE: 40.5 ARP procedure sional changes gingival index
years Implant placement - Site eligibility for
AGE RANGE: 20-63 implant placement
years - Need for bone
Extraction sockets: augmentation
58 - Length and diam-
eter of implants
Festa (2013) [80] RCT N = 15 (9F/6M) Tooth extraction CBX - Ridge dimen- - Probing pocket
MEAN AGE: 40.5 ARP procedure sional changes depth, gingival reces-
years Implant placement sion and bleeding on
AGE RANGE: 28-58 probing
years - Site eligibility for
Extraction sockets: implant placement
30 - Need for bone
augmentation
- Complications
Barone (2014) [81]  RCT N = 64 (38F/26M)  Tooth extraction CBX - Ridge dimen- - Site eligibility for
MEAN AGE:32.7 +  ARP procedure sional changes implant placement
124 years Implant placement - Need for bone
AGE RANGE: 18-47 augmentation
years - Complications
Extraction sockets:
64
Barone (2015)[82]  RCT N = 34 (20F/14M)  Tooth extraction CBX - Histomorphomet- - Site eligibility for
AGE RANGE: 21-71  ARP procedure ric measures implant placement
years Implant placement - Histological healing
Extraction sockets: characteristics
34
Barone (2017) [31]  RCT N = 90 (54F/36M)  Tooth extraction ABX vs. CBX - Ridge dimen- - Tooth site: premolar
AGE RANGE: 25-70  ARP procedure sional changes or molar
years Implant placement - Histomorphomet- - Buccal bone thick-
Extraction sockets: ric measures ness
90
Marconcini (2018) RCT N =42 (25F/17M)  Tooth extraction ABX vs. CBX - Ridge dimen- - Need for bone
[36] MEAN AGE: 528 £  ARP procedure sional changes augmentation before
2.31 years Implant placement implant placement
Extraction sockets: - Esthetic outcome
42 of the peri-implant
mucosa
- Implant success and
survival rates
- Complications
Di Stefano (2019) [38]  Retrospective clinical N =46 (21F/25M)  Tooth extraction ABX vs. CBX - Histomorphomet- - Histological healing

trial

MEAN AGE: 54
years

AGE RANGE: 43-75
years

Extraction sockets:
84

ARP procedure
Implant placement

ric measures

characteristics
- Complications
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Table 1 (continued)

First Study design Patient Surgical Type of bone Outcome variables

Author(Publication characteristics interventions xenograft

Year) Primary outcomes Secondary
outcomes

Roberto (2021) [83]  Retrospective clini- N =54 (34F/20M)  Tooth extraction CBX - Ridge dimen- - Long-term mainte-

MEAN AGE: 53.8 £
7.1 years

AGE RANGE:
41.8-69.1 years
Extraction sockets:
54

cal trial

ARP procedure
Implant placement

nance of buccal plate
- Complications

sional changes

Abbreviations: ABX anorganic bone xenograft, ARP alveolar ridge preservation, CBX collagen-preserving bone xenograft, EMD Enamel matrix derivative,

RCT randomized controlled trial

Risk of bias assessment

Considering the quality criteria listed in Paragraph "Risk
of bias assessment" of the Materials and Methods section,
each study was classified into one of the following groups:
“low risk of bias’, when all quality criteria were considered
to be “present’;, “moderate risk of bias’, when one or more
key domains were “unclear’, and “high risk of bias’, when
one or more quality criteria were “absent”. Results of risk
of bias assessment are described in Fig. 2. Overall, the
analysis revealed good quality of the selected studies, with

major concerns regarded Blinding of Participants and
Personnel and blinding of outcome assessment, which
were unclearly reported or missing in some trials.

ABXs versus CBXs: dimensional changes
Bone xenografts vs. spontaneous healing
Most reviewed clinical trials that compared spontane-
ously healed alveoli and the filling of post-extraction
sockets with anorganic bone-based grafts reported sig-
nificantly less horizontal and vertical bone resorption

_ Iy
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Fig. 2 Risk of bias assessment for the qualitative evaluation of the studies included in the systematic review. For each study, low (green), uncertain
(yellow), or high risk (red) of bias was assessed according to the presence of established quality criteria




Page 10 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

15210 [enbul|
ay1jo1ybiay
- Ww /ZF 'L - WweLFLL- - 2y ul 9bueyd
aueiq
s9lo 83 -waw uabejod
-onq ay1jo 1ybiay AQ paianod pue
- W 9eFeT- W '2F €T - - 33 Ul 3bueyd spndad
yipim Buipuig-usbe|jod sueIquIdW USbH
abpu [eIUOZIIOY YUM pa1e0d  -p||0D AQ PaISA0D
- WWGLF7L - WL F¢1 - - a1 Jo abueyd - Xav Xav - L10Z “[e 13 weN
syauow § :sasAipup Jo Jujodawl |
26pL JejOAR 31 J31lleq usbe|j0d Ja1lleq usbe|j0d
JO yipim |elejed 19AeJ-I1q 9|GRAIOS)  J9AR|-I] 9|qRqIOSI
/lenbui-0donq e Ag pa1anod e Ag pa1anod
- WWoLFLL- wWWO'LF LT - - a3 jo abueyd - 2ds Xav - 010Z "|e 19 sepleyy
SYIUOW § :53sA|pup Jo Jujodatul |
10adse |eisip
ay3 e yipim abpu
- W /0F10- #»WW80F L0~ - |edniaA ulabueyd
1>adse |eisaw
a3 e yapim abpu
- WW90+F20- W G0FS0- - [eduaA urabuey)
12adse [enbulj-piw
a3 e yapim abpu
- W £0FS0- WWgoF10- - |edieA urabuey)
12adse [exdng-piud
ay11e yipim abpu JouIeq 5B
- W /0F¢0- WWZL+F/20 - |ednJaA Ul ebuey) 2 UM PISA0D
yipim abpu 191ed duelquIaW U3b
|eIUOZ Aand e yum  -ej|0d AQ pa1aA0d
- Wwgo+50- Wwgo+50- - -1ioy uy 3buey) - vaa4d Xav - 00T "|e 19 dueA
¢ dnoub pajeas) z dnoub pajeas) L dnoib pajeas)  dnoub pajeanun
SaW0dIN0 SaW021N0 S9W021N0 sawodINo wurodpua ay) (dYV) (dYv) (dYV)
|euoisuawiqg |euoisuawiqg |euoisuawiq |euoisuawiqg jouondunsag gdnoibpojess) gzdnoibpoajessl | dnoib pajeas) dnoib pajeanun ERVEYETEN|

S F ueay se paruasaid aie eye sxgy Yum sainpadoid dyy 191je abpll 1ej0A[R 33 JO sabueyp [euojsuswiq g djqeL



Page 11 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

15210 3y)

40 10adse |puoJOd
1S0W 341 MO|3q
ww G 1e abueyd

WWOeF/L6- 2 MW 60F 90 - xxx xWUUW TOF L0 - WW GOF0-  YIpim aBpL uespy
15210 9y}
40 10adse |euoiod
150W 341 MO|3q
ww € 1e abueyd
WWOLFLE-  xx xWW SOF90- xx x MW 90F 90 - WW g0F /L~ yipimabpu ueapy
15910 3y}
Jo 12adse [euoiod
150U 94} MOJDq
wuw | 1e abueyd
MWSTF IO s O LFH L~ s s WWBOFTL - WWOZFEE-  apimabpu ueay 19A]
9NSsI) YOS dy1 1e [9A3] aNSSI
12dse [BDNG W yaupeanseyun  4os sy 1e yelb
1e1ybiay abpu Aueanoyum  yaund anssi 1yos X1new
WWHTFOT - W ETFCL - xex W TLF 00 - WWE0FS0-  UIBBURY UBSW 61605 poeifjod  snousBoine ue Jo uabejjod e Jo
10adse |enbulj ayy yum sajpnJed uoped|dde pue uoped|dde pue
1eybiay =b6pu -aleydsoyd  |9A9]BUOG BYL IR [9AS] SUOQ By} 18
SUWOOTF L1~ ' xWW 'L FEO- oW 'L F 50 - WW90F90-  ulabueyd uesyy -wnpjedi-g - xgy pareusbeljod  Xgy pateusbeliod €107 “[e 19 bunr
$¥9aM | 7 :Sa5A1bUD JO Julodawl |
1ybIay sbpu
- WWEELFLL- WW 0 € F LT0- - lenBuj urabueyd
b1y 96pu
- WWw 187 F €00 WwW LTz FrL0- - [e2dnq upabueyd [e1oUlILl VH
PRJIUIS-UOU 960€  dUeIquIdW uabe|
Yipim YIM pa1e0d  -|0d B AQ PIA0D €107
- WW | F9L°L - WW LT LF LS - - 9bpu urabuey) - uabe|jod suIn0g  XgY paieuabe|jod 'A3]ea|\ pue 400D
syIuowW §-9 :sasAipup Jo Juiodawl |
auelq
-waw uabej0d Aq
abueyd aueIqUIdW USH  palanod sajnuelb
yipim abpu -||02 AQ pRI9A0D esoibuods 10T
- WW/S0FE60- ww /60F £0'L - - Ie|OdA[e [PJUOZIOH - VHDN Xav “le 19 1wejoyn
syauowW 9 :sasA|puD Jo Jutodawl |
¢ dnoub pajeas| Z dnoub pajeas) L dnoib pajeas)  dnoub pajeanun
S9W0d1N0 s9wod1No sawod1no S9W0dIN0 wodpus ayy (dYv) (dYv) (dyv)
|euoisuswiq Jeuoisuswiq |euoisuswiqg |euoisuswiq jouondudseag g¢dnosbpojeas) zdnoibpojess) | dnoab pareas)  dnoub pajeanun ERIEIETEN|

(PanupuOd) Z 3jqey



Page 12 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

uopealasald abpu

- Ww GL'eF/00- Ww 89+ 090 (lenbul)) [eDIISA sueiq
uopealasald abpu waw uabe|0d
- WW €£€F60S WW 86 F1+C9 (1e22nq) [e211I3A paYUI|-SSOID pue auelq
uonealasaid abpu pa1n1suodal snid -Wwaw usbej|0d
(lenbulj-e2onq) yeibojje  Jokejq ‘snneu snid 9107
- WW SOTF ST MW /0ZF LLO |PIUOZIIOH - pazielauiwag gy poieusbe)od - “|e 39 J19A3YDS
SYIUOW 9 pUD € :SasAIpup JO Julodauil]
(ow9) (ow9)
*WW STOF¥S'L - W 6Z0F9cC€ -
(ow ) (owg) abueyd 1ybiay
- *WWHZ0FSO'L - WW G oFCle- 9bpu Iej0dAlY
(ow 9) (ow 9) dueiquiawW uabe|
*WW SEQOF 8L - WW 8T0F95°¢ - -|02 9|qequosge
(ow €) (ow €) abueyd Yipim Aq paIan0d Buieay
- LYWW ELOFLLL - WWELI0FTLT - 2bpll JejoAAlY - - Xgv snoaueluods 102 e 12 bued
SYIUOW  :53sA|pup Jo Jujodatul |
3)IS [dNQ
-piu ay3 e abpu
- *WW S'0F 950 WW EFOF /9L [edhan Ul 3bueyd
26pu duelquiaul
1ejO3AJR BY) JO uabejj0d aupdlod
YIpIM [PIUOZIIOY e Aq pa1anod Buieay 7102
- LYWW L60F 1£0- W 690 F 0 - ay3 uy abueyd - - Xgy paieuabejjod snosuejuods  “|e1a jjodosepie)
syauowW 9 :sasAjpup Jo Jutodawi|
uipim abpu
|euoz | 9dAy | 2dAy 107 "2 39
W 1'0F6¢0- Ww1'0F6€0- - -0y ur abuey) - Xgv aulnog Xgv aulnog - eleyy-suesejed
syuoW 9 :sasAIpup Jo Jujodaw |
¢ dnoub pajeas| Z dnoub pajeas) L dnoib pajeas)  dnoub pajeanun
sawod3no sawodno sawod31no jiodpua ayy (dYv) (d4V) (d4v)
Jeuoisuawiqg |euoisuawiq |euoisuawiqg jouondudsag gdnoibpajess) gdnoibpajess) | dnoib pajeas) dnoib pajeanun ERIEYETEN|

(panupUOd) Z 3jqey



Page 13 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

WWoL+80-

Wwoo0+00

W S0+F¢€0-

SWWELFCC

*WWHO0FC0-

*WW SOF €0~

KWW ELFOIL -

||lem auoq
[B2ONQ 9Y3 JO SSBU

SPIYLWW | <yim

uondiosal auoq

WW €' F97- JeJoaA[e [BJUOZLIOH

|[em 2uoq
|e22NQ 3Y1 JO SSaU

SPIYL WW | < YIm

10adse |ejejed

-onbul| ayy

1e uondiosal

WWw SOF¥0 - 2U0q [eDIsA
|lem 2uoq

|e22NQ 3Y1 JO SSoU
SPIYL WW | < YUm
1>adse [exdnq
ay11e uondiosal
WW 'L F60- 2U0q [EDILIDA
||em suoq

|e22oNg 3y} Jo
SSOUMNDIYY WU | >
Yyum

uondiosal auoq
WW QQFEE- IRJOIAJR [PIUOZLIOH

|[em auoq
|22NQ 3Y1 JO SSaU

SPIYL WW | > Yim

10adse |ejejed

-onbul ayy

1e uondiosal

WW90F¢L - 2U0q [eDISA
||em auoq

|B22NQ 3Y1 JO SSaU
SPIYL WW | > Yim
1>adse [exdnq
ay11e uondiosal
WW90FL1L - 2U0q [EDILIDA
s1oadse
|erejed-jeodnq ayy

Ww L'LFge- e abueyd yipim

auelquIaW U3be|
-|02 e AQ paIan0d
- Xgv paieusbe|0)

Buljeay
snoauejuodg

£107 e 18
OURY|IDIS-0LO]

syIuow 9 :sasAipup Jo Jujodau|

¢ dnoub pajeas|
Saw023no
|euoisuawiq

Z dnoub pajeas)
SaW023N0
|euoisuswiq

1L dnoib pajeas)
Sawo023no
|euoisuawiqg

dnoib pajeanun
S3W033N0
Jeuolsuswiq

jiodpua ayy
jo uondudsaqg

(dyv)
¢ dnoub pajeas|

(dyv) (dyv)
zdnoub pajeas) | dnoib pajeas)

dnouib pajeanun EMIEIETEN|

(PanupuOd) Z 3jqey



Page 14 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

WW9/0F91°0-

WW 9/ 0F8840-

WW €S LFESL -

WW 190+ ¢80~

W 8L +86'0 -

(dd) WW ZZF 10 -
(LL) W OZF10-

(dd) WWOEFGL -
(L) W gZF 1L -

(dd) WW gL F60-
(LL) WwW 9L F60-

(dd) WW 'L F¢'| -
(L) WwW eLF 1L -

(dd) WW £0F60-
(LL) WwW90F60-

*xWW C/1'0F 5900 -

WW L E€0F85€0-

WW GELF160-

WS90+ 590 -

WWw //0F190-

(dd) Ww /1 FZ0-
(LL) Ww £ L F70-

xx(dd) WWG'LF/£0-
x(LL) WW gL F£0-

(dd) WwW 'L F90-
(LL) Ww 'L F90-

(dd) WW 21 F/£0-
(LL) Ww £ LF/£0-

(dd) WW 60F 60 -
(LL) WW 60F60-

[9AS] WW-§
941 1e yipim
2bpu Jo abueyd

[9AS] WW-€
o4l 1e yipim
2bpu Jo abueyd

[9AS] WW-|
941 1e yipim
2b6pul Jo abueyd

Wby
lenbui| Jo abueyd

WbIayY
|e2oNq Jo abueyd

10adse

|enburpiu ay3 1e
9bpl JejoaAe JO
abueyd |ediap
10adse

[eIDB)PIW 31 18
2bpl JejoaAfe Jo
abueyd [ed1Iap
10adse [eIsip 9y}
1e 9bpll JejOaAjR
Jo abueyp [ednIaA
10adse [eIsaw ay)
10 30pU JpjOSA R
Jo abueyp [ed1IaA
[9A3] WW-§

ayiie

2b6pll JejoaAfe Jo
abueypd [LIUOZIIOH
[9AS] WW-€

ay1ie

QueIqUIdW U3bE|
-|02 e AQ paIaA0D

- Xay pa1eusbeod

QueIqUIaW U3bE|
-|02 e AQ paIaA0D

xav

- £10T "R 39 HeN

SYIUOW § :53sAjpup Jo Jujodatul |

(dd) WW Z0F L - (dd) WW LO0F L - 9bpul sejoane Jo

- (DWW OFTL- (L) WW//oFTL- - 9bueyp |eauozioH suBIqUAW  BueIqUIBW U3be)

[9AS] WW-| uabe|jod payul| -|0> PYUI|-SSOID

ay11e -5S010 AQ PRI9A0D  -UOU AQ PRIDA0D

(dd) WW GOF L - (dd) WW60FGL - 3bpu sejoanje jo Xgy auiiod XgV |ulnoqg
- WWWOLFEL- (L) WWELFGL- - abueyp [ppuoziioy - pajeusbel|0) pajeusbel|0) - £10Z "33 Wi
SYIUOW 9 :53SAIDUD JO JUIOdDWI |

¢ dnoub pajeas| Z dnoub pajeas) L dnoib pajeas)  dnoub pajeanun

Saw023no SaW023N0 Sawo023no Saw0d3no julodpua ayy (d4V) (d4VY) (d4VY)

|euoisuawiq |euoisuswiq |euoisuawiqg |euoisuawiqg jouondudsag gcdnosbpajeas) zdnoibpajeas) | dnoub pajeas)  dnoub pajeanun ESIEIETEN]

(panupUOd) Z 3jqey



Page 15 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

{IpIM 3UCG

- W e0'L F0€0 MW YO L F 760 - - Jejoanfe utabueyd Z-dNgY) yum
1ybIsy auoq 2U0Q dNBUIUAS
- WW 8ZZF LY L W 67°0F 020 - - Jejoanje uj abueyd - 21edeAxoIpAH Xgv - 8107 "2 39 WIyS
syauow 9 :sasApup Jo yujodatul |
QueIqUIRW U2b o1ejed ay3
Jnojuod bpl -B||od d|qequosal Wodj ydund anssn
[B22NQ dLIBWIN|OA e AQ PaIaA0d oS e Ag paJan0d Buijeay
WW Zye0F 9T L - WWeL/0F /80 - WU #ye0F 8960 - WW6HE L FLSGLT - urabueyd Xav xav Xxav snoauejuods  8L0g “[e 19 Jaydsiy
SyuoW 9 :53sAIpup Jo Jujodaw|
10adse [eisip 1e
2b6p1 Jej03AR 31
Jo sabueyd [euols
- WWw 'L F1°0- WwO'L+60- - -USWIP [BDILIBA
10adse Ja1uad e
2bpll JejoaAje 2}
Jo sabueyd [euols
- WW ¥ F50 WWeLF+0- - -USWIp [BD11ISA
10adse |eisaul 1@
2bpll Jejoanje 3y}
Jo sabueyd [euols
- W €1 F90- WWQoLFLL- - ~USWIP [EDILISA JueIquIsW usb dueIquIaW Usb
sabueyd [euols -B||0D AQ PRIA0D  -||0D AQ PRJ2A0D /107 “|e 1
- ww 'L FL - WW 'L F9C- - -UsWIp |eIUOZIIOH - vg9a4a  Xgy ps1eusbe|jod - Z3PUSN OURLISS
syauow 9 :sasAipup Jo Juiodawi |
XL1euw
unuap pazijesaul
- W S9CF8E'S W $S'€F959 - ueb auoq oA - -wap snouaboiny xav - £10¢ "[e 12 buegd
syIuOW § :sasAjpuD Jo Jutodawl |
¢ dnoub pajeas| Z dnoub pajeas) L dnoib pajeas)  dnoub pajeanun
S9W0d1N0 s9wod1No sawod1no S9W0dIN0 wodpus ayy (dYV) (dHV) (dYv)
|euoisuswiq Jeuoisuswiq |euoisuswiqg |euoisuswiq jouondudseag g¢dnosbpojeas) zdnoibpojess) | dnoab pareas)  dnoub pajeanun ERIEIETEN|

(PanupuOd) Z 3jqey



Page 16 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

W Z0F20-

WW G0+l -

WwWoL+91-

WW90+F+0-

Ww e+ 'L -

WWeo0FGl -

W S0+/0-

W Go+G61 -

w0+ 21 -

W g0+c0-

WWe0F1 -

WWe0+F81 -

1Dadse
[enbui)/|erejed

9U1 1e paululIlap
obpl ay3 Ul
abueyd [ed11IBA

15910 [eulbiew ayy
Jo |eode wwi 7 1@
painseawl 10adse
|enbui)/erejed
QY3 1e abpu ayy

ul

abueyd [euozZIIoH

15910 [eulbiew ayy
4o |eoide wwi 7 1
painseawl 10adse
[enbui)/erejed
ay3 1e abpu Yy

ul

abueypd [LIUOZIIOH

102dse [exdngq

943 18 paulwI1ap
abpu sy Ul
abueyp [ed1aA

15910 [eulbiew ay3
Jo |eoide wwi

1e paJnseaw
‘10adse [exonq
2y 1e 3bpl oy}

ul

abueyd [euozZIIoH

152.0 [eulblew
ay1Jo |edide

Wi 7 painseaul
‘15adse [exonq
2y 1e 3bpl 9y}

ul

abueyd [eIuozZIIoH

aInIns
e Aq pazijiqers
auelquIaW U3be|
-|02 e AQ paiaA0D
10> poo|g

2InIns
e Aq pazi|igels
auelquIaW U3be|
-|02 e AQ paIan0d
Xav pareusbeod

- 810z " 19 Isewio]

syIuow ¢ :sasAipup Jo Jujodauir|

¢ dnoub pajeas|
Saw023no
|euoisuawiq

Z dnoub pajeas)
SaW023N0
|euoisuswiq

1L dnoib pajeas)
Sawo023no
|euoisuawiqg

dnoib pajeanun

jiodpua ayy
jo uondudsaqg

(dyv)
¢ dnoub pajeas|

(dyv)
Z dnoub pajeas)

(d4v)

L dnoib pajeas) dnoub pajeasun

EalVEIET )]

(panupUOd) Z 3jqey



Page 17 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

WWoLLFcl0-

WW S60FSC0-

WW eS0+850 -

Ww 6’ L F+00

*WW LG F 1€0-

*WW 88 0F CO'L -

W 8E0F€€0-

W €L FGL7L -

W /5L F90°1 -

W 860+ 650 -

WWeeLF /2171 -

WWEeF61C -

*WW0g0

*WW9L0

*WW 10 -

W 96'0+0cC'L -

WWH 1L F €71 -

WWw S/ 0F+80 -

WW Sl F/C¢C-

WW L e F iy -

Wi ge'l -

W /1°¢ -

wwoal -

15210

[enbui| 1e abp
Joaybiay [eonisn
ay1 Ul abueyd

1522 plw 1e 3bpu
JICRIVISIEIVRI=RTAEN
a1 Ul abueyd

15910

[N 18 2bpU
Jo1ybiay [eduaA
ay1 Ul abueyd

15910
2bpu ay1 mojRq
[9A9] WW G 18
yipim abpu |eruoz
-loy U abueyd

15210
9bp1 syl Mojeq
[9AS] WW € Je
yipim abpll [pIuoz
-loy ur abueyd

15910

abpu ay) mojaq
[9A3] WW | 18
Yipim 2bpu [eyuoz
-loy ur abueyd

1y6iay
auoq [enpisay

[9A9] 15240 dUOq
urabueyd

[9A3] Jooy snuls
urabueyd

suerIquIaW U3be|
-|02 J9Ae|Iq DAY
e Ag pal1anod Xgy

pajeusbe|jod

Xay pareusbeod

auelquIaW U3be|
-|02 e AQ paIan0d
Xav pareusbeod

Buljeay
snoaueuods 6107 “le 39 wn

syauow 9 :sasApup Jo Jujodatul |

3UOJe UOJIDRIIX] 6107 “|e 19 eYyD

syIuow 9 :sasAipup Jo Jujodau|

¢ dnoub pajeas|
Saw023no
|euoisuawiq

Z dnoub pajeas)
SaW023N0
|euoisuswiq

1L dnoib pajeas)
Sawo023no
|euoisuawiqg

dnoib pajeanun
S3W033N0
Jeuolsuswiq

jiodpua ayy
jo uondudsaqg

(dyv)
¢ dnoub pajeas|

(dyv)
Z dnoub pajeas)

(d4v)

L dnoib pajeas) dnoub pajeasun

EalVEIET )]

(PanupuOd) Z 3jqey



Page 18 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

WW 0+ 180 -

WU F0FS0-

*WW G0F 590 -

W /¥0F 290 -

W /90F860 -

W ¢80+ 091 -

WWH0+950-

xxWW FOFOG'L -

*WW Z0FSC0-

WwW 80+ 950 -

WW90+F+80 -

WW#80F L€' -

WWeoF L8'L -

WWE0F96'C -

WWH#OF 1L -

15910 9U0q Y}
0} |edide ww 9
YIpIM |PIUOZIIOY
ur abueyd

15210 9U0q Y3
0} |edide wWwi ¢
UIpIm [eluozLoy
ur abueyd

abueyd
26pI [e211IDA

15210

Je|0dAJe [DDN(Q
Y1 MOj2q WW §
uipim

abpu |e1uozlioy
ay1 Ul abueyd

15210
IejoaAe [e2oNg
3} MOJ2q W €
Yyipim

obpu [eIUOZIIOY
ay1 Ul abueyd

15210

Je|0dAJe [DDN(Q
Y1 MOj2q WU |
upim

abpu |e1uozlioy
ay1 Ul abueyd

211edeAxoipAy
YU 21e4ns
wnped oiseydig

Xiew uabe|
-|02 e AQ paiaA0D
Xay pareusbeod

xav

Xuiew uabe|
-|02 e AQ paIan0d
xav

Buijeay 6107
mDOoCEcoqm :,m 19 I=1YdeIN

SYIUOW § :53sA|pup Jo Jujodatul |

- 610¢ "|e s souef]

syIuoW # :sasAipup Jo Jujodau|

¢ dnoub pajeas|
Saw023no
|euoisuawiq

Z dnoub pajeas)
SaW023N0
|euoisuswiq

1L dnoib pajeas)
Sawo023no
|euoisuawiqg

dnoib pajeanun
S3W033N0
Jeuolsuswiq

jiodpua ayy
jo uondudsaqg

¢ dnoub pajeas|

(dyv)
Z dnoub pajeas)

(dyv)
L dnoab pajeas|

dnouib pajeanun EMIEIETEN|

(panupUOd) Z 3jqey



Page 19 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

wpim
- WW ELFE0L - WW €71 F8E0- - 9bpujo abueyd SURIGUIBW J4[d-P  QUBIqWAW J41d-P
ybiay abpu e Ag pa1anod e Ag pa1anod
- WW /'L F09'L WW S/ L F95'L - [enbuj| ui asesidu| - XgV aupiod Xgv auinog - 020z "o 13 1e]
syauow 9 :sasAjpup Jo Jujodatul |
109dse |exdnq 1e
- WWoe | F5/47C- WW06'¢FC6'C- WW 6"l F£0C - sabueyd [ed11IaA
Yipim abpu aueJqWRW aueIqWRW
1e|OBAJR [RIUOZIIOY uabe|jod pue uabe|jod pue Buijeay 0207 “le 3@
- WWw 'L F8C - WW 9L FHT- WWQLFeT- urabueyd - Xgy paieuabejjod Xgv snoaueuods OUE||1215-0LO|
syauow 9 :sasAipup Jo yujodatul |
abueyd
- Ww 00 F 611 Ww [E0F6EL - [eJ1319A 3521
aus [enbul| oy 1e
26pll JejoaAle 3y}
- W 0g0+F0L0 W 8E0F LY0 - Joabueyp jedniap
9IS [2ONQ Y3 18
26pll JejoaAle 3y}
- WwoeoF6'lL - WW E0F ¥ L - - Joabueyd [eo1ISA
26pu uabe) yelb |erejed
N 1e|0dA[R 3} JO -0 auInba 90¢ e Aq pa1anod 6107
WWO060F L'C- W LE0F66'L - - 9bueyp jeauozoH - + VHOW %0/ Xav - “le1s laiydse|.
syauow 9 :s3sA|pup Jo Jujodatul |
10adse |eJjuad
ay11e 1ybiay
WW S0l Ww €66 wwgeel - 9bpu urabuey)
10adse |enbuy|
ay11e 1ybiay
ww /0 Wwi 6970 - Wwi /£/°0- - 9bpu urabueyd
12adse |ed
-ong ay3 1e ybiay
W 8€°0 - ww 800 W €7°0 - - 3bpuurabueyd
SURJQWISW JBLIEG  SUBIGUISW JaLLIeg  SUBIGUISW JaLLIe]
yipim 534 e AQ paidnod D34 e Ag passnod  HId e Ag paianod 6107
W G| - ww € - ww Gz - - 2bpu ul abueyd Yeioolly  wninbeod poojg Xgy - “|e 39 eUBIUES
SYIUOW # :Sa5AIDUD JO JUIOdDWII |
¢ dnoub pajeas| Z dnoub pajeas) L dnoib pajeas)  dnoub pajeanun
S9W0d1N0 s9wod1No sawod1no S9W0dIN0 wodpus ayy (dYv) (dYv) (dyv)
Jeuolsuswiq Jeuoisuswig |euoisuswiq Jeuoisuswiq jouondudsag gdnoibpojessy zdnoibpajessy | dnoib pajess)  dnoib pajessyun ERITEIEIEN|

(PanupuOd) Z 3jqey



Page 20 of 37

(2022) 44:24

Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

(50°0>d) € dnoub pareas ay3 woy Juasagip Apuedyubls

(500> d) 7 dnoib pajean sy wioly JusIaYIp Apuedyiubls

(500> d) dnoib pajeasnun ay3 woiy Juasagip Apuesylubls

@sAIWeId)

aUO0g uuewneilS HFS 1030104d 13d dd ‘|02A|6 auajAyiak|od DId ‘@nredelxoipAy auljeisAidoueN YHON ‘SYIUOW ow ‘9redeAxolpAy-payd1ius wnisaube|y yH/bpy ‘1ea11-03-uoiualu| J 1/ ‘9)redeAxoIpAH YH ‘SAIIRALIDP Xyew
[oweu3 gwg ‘dusjAyrsoionyyenalf|jod asuaq F41d-p ‘1elbojje suoq |ed1110d palIp-9zaal) pazijessulwaq Ygg4d ‘@1eydins winpjed sp) ‘uoneAlasald abpll Je|0dAlY Y ‘Weibouax suinoq diuebiouy xgy :SuonbIAaIqqy

W c90F690 -

Wworo+ 190~

Ww 180+980 -

KWW CSO0F LT -

KWW 7SO F L -

Ww Z€0F090 -

WS90+ 060 -

WW 190+050-

*WW ¢/ 0FreL -

*WW9C0F vl -

W 8S0+F860 -

w66 0F0€'L -

WWe80+v0L -

WWes0+0l¢-

WW 60F9¢°¢C -

15910 96pll IejoaAe
|eejed

ay1 U abueyd
WBIaY [e2nIsA

15240 9P JejoaAfe
|e>dNg

a41 Ul abueyd
Y61y [eDIA

15910
2bpl JejoaAle aY)
Mojaq Ajjedide
ww G 1e abueyd
YIPIM [e3UOZLIOH

15910
2bpl JejoaAle 3y}
Mojaq Ajjedide
ww € 1e abueyd
YIPIM [e3UOZLIOH

15910
2bpll JejoaAle a3

Mojaq Ajjedide
ww | 1e abueyd
YIPIM [e3UOZIIOH

auelquaW
uabe|jod 3|qe

-qlosal Aq palanod
aw3+

- Xgy pateuabe|jod

aueIqURW

uabe|jod 9|qe
-qJosal Aq pa1ar0d
Xay pareusbeod

syIuOW G :sasA|puD Jo Jutodawil |

Buijeay 0z0T
snoaueluodg ‘Buosf pue a7

SYaaM 07—8 | :sasAipup Jo Juiodawl |

¢ dnoub pajeas|
Saw023no
|euoisuawiq

Z dnoub pajeas)
S9W023N0
Jeuoisuswiq

1L dnoib pajeas)
sawod3ino
|euoisuawiq

dnoib pajeanun
Sawod3no
|euoisuawiqg

jiodpua ayy
jo uondudsaqg

(dyv) (dyv)
¢ dnoib pajeas) g dnoib pajeas)

(d4v)

L dnoib pajeas) dnoub pajeasun

EalVEIET )]

(PanupuOd) Z 3jqey



Di Stefano et al. Maxillofacial Plastic and Reconstructive Surgery

Table 3 Dimensional changes of the alveolar ridge after ARP procedures with CBXs. Data are presented as Mean = SD

(2022) 44:24

Page 21 of 37

Reference

Untreated
group

Treated group
1
(ARP)

Treated group
2

(ARP)

Description of
the endpoint

Dimensional
outcomes
Untreated

group

Dimensional
outcomes
Treated group 1

Dimensional
outcomes
Treated group 2

Barone et al.,
2008

Extraction alone

Timepoint of analyses: 7 months

Barone et al,,
2013

Extraction alone

Timepoint of analyses: 4 months
Festaetal, 2013 Extraction alone CBX

CBX

covered by a
collagen mem-
brane

CBX

covered by a col-
lagen
membrane

associated
with a

soft cortical
membrane

Change in
horizontal ridge
width

Change in verti-
cal ridge height
at mid-buccal
aspect

Change in verti-
cal ridge height
at mid-lingual
aspect

Change in verti-
cal ridge height
at mesial aspect
Change in verti-
cal ridge height
at distal aspect

Change in
bone horizontal
dimensions

Change in bone
vertical dimen-
sions at mesial
aspect

Change in bone
vertical dimen-

sions at buccal

aspect

Change in bone
vertical dimen-
sions at distal
aspect

Change in bone
vertical dimen-
sions at lingual
aspect

Horizontal ridge
width
change

Change in verti-
cal ridge height
at mid-buccal
aspect

Vertical ridge
height changes
at mid-lingual
aspect

Vertical ridge

height change
at mesial aspect

Vertical ridge
height change
at distal aspect

-45+£08mm

-36+£15mm

-3.0£1.6mm

-04+£1.2mm

-05£1.0mm

-36£072mm

-1.0£0.7mm

-21£06 mm

-1.0£08mm

-20£0.73 mm

-37£12mm

-31£13mm

-24+16mm

-04+12mm

-05+£1.0mm

-25£12mm*

-07+£1.4 mm*

-04+£13mm*

-02+£08mm

-04£08mm

-1.6+0.55mm

-03+0.76 mm

-1.14£0.96 mm

-0.34£085mm

-0.94£0.98 mm

-1.84+13 mm*

-06£14mm*

-05£13mm*

-03£08mm

-044+08mm
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Table 3 (continued)
Reference Untreated Treated group  Treated group  Description of Dimensional Dimensional Dimensional
group 1 2 the endpoint  outcomes outcomes outcomes
(ARP) (ARP) Untreated Treated group 1 Treated group 2
group
Timepoint of analyses: 6 months
Barone et al., - CBX CBX Change in - -3.54+£0.9 mm** -1.7£06 mm
2014 covered by covered by a buccal-lingual
a collagen collagen mem-  width
membrgne 'nl brane !n associa- Change in verti- - -0.64+0.7 mm** -1.1+£09mm
association with  tion with flapless - hone level at
a full-tickness procedure buccal aspect
mucoperiosteal )
flap procedure Change of verti- -04£05mm -03£0.7mm
cal bone level at
mesial aspect
Change of verti- - -05+06 mm -03+£09mm
cal bone level at
distal aspect
Change in verti- -0.6+£0.7 mm -09+£1.0mm
cal bone level at
lingual-palatal
aspect
Timepoint of analyses: 3 months
Barone et al,, Spontaneous Collagenated ABX Change in -360+£072mm -093+1.26 mm*  -133+£0.71 mm*
2017 healing CBX covered by a buccal-lingual
covered by a collagen mem-  width
collagen mem-  brane Change inverti- -210£066mm -057+154mm*  -0.30£1.28 mm*
brane cal bone level at
buccal aspect
Changeinverti- -203+0.72mm - 0.67 £2.54 mm*
cal bone level at 1.00£1.17 mm***
lingual-palatal
aspect
Change of verti- -0.15£038mm -1.08£137mm* -09041.26 mm
cal bone level
at mesial-distal
aspect
Timepoint of analyses: 3 months
Marconcini Spontaneous CBX ABX Change in -069+043mm -0.53£054 mm -0.28+0.37 mm
etal, 2018 healing covered by a covered by a marginal bone (1y) (1y)* (1y)*
collagen mem-  collagen mem-  height -130+£059mm -0.8040.36 mm -0.60£048 mm
brane brane 2y) 2y)* (2y)*
-1.69£043mm -096£051 mm -0.754+0.37 mm
(4y) (4y)* (4y)*
Timepoint of analyses: 1, 2 and 4 years
Roberto et al,, - CBX Collagen sponge Changein alveo- - -27+£09 mm** -394+14mm

2021

Timepoint of analyses: 2-3 months

covered by a col-

lagen sheet

lar ridge width

Abbreviations: 1y 1 year, 2y 2 years, 4y 4 years, ABX Anorganic bone xenograft, CBX Collagen-preserving bone xenograft

" Significantly different from the untreated group (p <0.05)
* Significantly different from the treated group 2 (p <0.05)

with the ARP procedure (Table 2) [23, 59, 61, 62, 64, 72,
73, 75, 84]. Conversely, other trials identified no signifi-
cant differences among grafted and non-grafted sites [58,
69], while stating clinical relevance of ABX-based ARP in
esthetically demanding cases [69] or suggesting no sig-
nificant benefits of the treatment in post-extraction sites

with good alveolar bone wall integrity and adequate buc-
cal bone wall thickness [58].

Regarding collagen-preserving materials, a positive
trend was recognized about the preservation of bone
dimensions of post-extraction sites by clinical trials
which compared spontaneously healed sockets with the
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Table 5 Histomorphometric analysis on alveolar sockets grafted with CBXs for ARP. Data are presented as Mean percentages + SD

Reference Untreated Treated Treated Description  Histomorphometric Histomorphometric Histomorphometric
group group 1 group 2 of the outcomes outcomes outcomes
(ARP) (ARP) endpoint Untreated group Treated group 1 Treated group 2
Baroneetal,  Extraction CBX - Total bone 25.74+9.5% 35.5410.4%* -
2008 alone covered by volume
a collagen Connective 591 4104% 3664 12.6%* -
membrane tissue
Residual graft - 29.2+£10.1% -
material
Timepoint of analyses: 7 months
Baroneetal, - CBX CBX Newly formed - 22543.9% 2254+43%
2015 covered by covered by bone
acollagen —acollagen gy - 593:+7.5% 59.4:£6.8%
membrane membrane spaces
and added with a flapless )
with a full procedure Residual graft - 182+6.1% 18.2+52%
thickness and asecond- Material
mucoperi- ary soft tissue
osteal flap closure
and primary
soft tissue
closure
Timepoint of analyses: 3 months
Baroneetal, Spontaneous Collagenated ABX Newly formed 44.0+14.7% 414+20.6% 36.84+19.1%
2017 healing CBX covered by bone
coveredby acollagen  Nonmineral- 5604 14.7% 4144159%* 47.84192%
a collagen membrane ized tissues
membrane
Residual graft - 14.9% +7.3% 155+84%
particles
Timepoint of analyses: 3 months
Di Stefano - CBX ABX Newly formed - 45.12 +£10.54%** 33.61£9.71%
etal, 2019 covered by covered by bone
acollagen acollagen — pegiqq - 1091 4279 1847 +5.62%
membrane membrane biomaterial

Timepoint of analyses: 4-8 months

Abbreviations: ABX Anorganic bone xenograft, CBX Collagen-preserving bone xenograft

" Significantly different from the untreated group (p <0.05)
" Significantly different from the treated group 2 (p < 0.05)

grafting of CBXs associated with a collagen membrane
[34, 79] or soft cortical lamina [80] (Table 3). Specifically,
the ridge-preservation treatment showed to significantly
reduce the resorption of horizontal ridge width and ver-
tical ridge height at mid-buccal and mid-lingual aspects
in comparison with extraction alone [79, 80]. Moreover,
even when no significant differences between CBXs-
treated and untreated groups were detected, less resorp-
tion of hard tissue ridge (both horizontal and vertical
dimensions) was measured in grafted sites [34].

Modified bone xenografts

Association of ABXs with additional conditions/treat-
ments has been investigated in the effort to enhance the
preservation of ridge dimensions in post-extraction sock-
ets. For instance, a composite xenograft consisting of 90%
anorganic bovine bone embedded in a 10% biodegradable

collagen matrix of porcine origin has been widely investi-
gated in comparison or in substitution of ABXs alone to
minimize bone dimensional changes after tooth extrac-
tion [23, 58, 59, 61, 61, 63-66, 68, 71-74, 78]. In this
composite, collagen facilitates graft handling and amelio-
rates graft adaptation and stabilization to the defect, with
pre-clinical data establishing that collagenated anorganic
bone serves as a scaffold for bone formation rather than
promoting tissue regeneration [85]. However, existing
clinical evidence revealed non-inferiority of ABXs com-
pared to collagenated ABXs, except for significantly less
reduction in ridge width at the 5-mm level reported by
some trials [58, 63, 78, 86]. As demonstrated for porcine
collagen addition, the coating of ABXs with synthetic oli-
gopeptide from the collagen-binding domain of osteo-
pontin also showed not to ameliorate ARP outcomes [56]
(Table 2).
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On the other hand, trials investigating CBXs for ARP
procedures never considered to implement them with
collagen-derived additives, probably due to the fact that
these grafting materials contain a more preserved colla-
genic component.

Bone xenografts associated with barrier membranes

As an aid for alveolar ridge preservation, the use of bar-
rier membranes in combination with bone grafts during
ARP procedures was demonstrated to prevent epithelial
downgrowth into the alveolar socket, whereas the graft
material avoids membrane collapse and promotes bone
formation through osteoconduction and/or osteoinduc-
tion processes [87]. Resorbable collagen matrices are
the membranes of choice to cover ABXs-grafted sock-
ets, with conflicting outcomes reported by clinical trials
which demonstrated both (a) the effective reduction of
horizontal ridge changes, with significant preservation of
vertical height at mid crest [73] and (b) failure to limit the
loss of horizontal/vertical ridge dimensions in compari-
son with the application of collagen membrane without
ABXs [74]. Moreover, the addition of an enamel matrix
derivative (EMD) to collagenated ABXs covered with a
collagen membrane did not showed significant improve-
ment of ridge preservation compared to the EMD-
lacking group, although horizontal width changes were
significantly greater in the non-grafted sockets compared
with both types of grafted sites [23].

Concerning CBXs, all selected trials evaluating ridge
dimension outcomes described the graft covering with
collagen membranes [31, 34, 36, 79, 81, 83, 88] or with
a cortical bone-derived lamina [80], not even consider-
ing the CBXs alone (Table 3). Interestingly, Barone and
colleagues [81] investigated the clinical effects on cou-
pling CBXs grafts covered by a collagen matrix with a
full flap procedure to cover the membrane, or a flap-
less procedure leaving the membrane exposed. More
successful preservation of horizontal ridge dimension
was assured by the flapless procedure, with additional
advantages given by the positive increase in keratinized
gingiva.

Besides collagen membranes, both natural and synthetic
materials were tested to cover the ABX. For instance,
autogenous soft tissue punches from the palate were used
to cover ABXs or collagenated ABXs particles in post-
extractive sockets, assuring for significantly less resorption
of vertical and horizontal ridges with respect to spontane-
ous healing, but not to the use of collagen matrix (Table 2)
[59, 69]. Interestingly, the application of a synthetic poly-
ethylene glycol (PEG) barrier both alone or in association
to ABX was reported to be effective in preventing vertical
bone loss at the buccal/lingual aspects and even promot-
ing vertical bone gain at the central aspect (Table 2) [76].
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Bone xenografts vs. allogenic or autologous grafts
Considering clinical outcomes achieved by ABXs ver-
sus allograft materials, conflicting results are currently
found in the literature. On the one hand, collagenated
ABXs were reported to preserve the horizontal alveolar
ridge dimension significantly better than allogenic mate-
rials, providing more bony width at the grafted site [65].
Conversely, no statistically significant differences in hori-
zontal and vertical bone changes were found by a more
recent RCT comparing collagenated ABXs with allogenic
material [71]. Additionally, some clinical evidence even
attested the superiority of bone allografts over ABXs to
prevent horizontal [76] or vertical [53] bone loss after
tooth extraction.

Regarding the comparison with autologous grafts,
autogenous demineralized dentin matrix was demon-
strated to be as effective as ABXs for augmenting vertical
bone dimensions after tooth extraction [67].

Considering CBXs, no clinical comparisons with allo-
genic/autologous graft materials were investigated so far,
this representing a significant gap of knowledge about the
efficacy of these bone xenografts for ARP procedures.

Bone xenografts vs. synthetic grafts

Clinical trials investigating the effects of ABXs versus
synthetic materials on ridge preservation described
equivalent clinical efficacy in controlling horizontal/
vertical resorption when comparing the bone xeno-
graft and nanocrystalline hydroxyapatite (HA) [57]
or HA-collagen composites [66, 77]. On the contrary,
better outcomes were exhibited by the synthetic
counterpart when anorganic bone was compared
with biphasic calcium sulphate/hydroxyapatite (BCS/
HA) [75], HA treated with recombinant human bone
morphogenetic protein-2 (rhBMP-2/HA) [70] and
a biphasic ceramic bone substitute made of HA and
B-tricalcium phosphate (B-TCP) (i.e., Straumann
Bone Ceramics-SBC) [54]. Unlike aforementioned
studies, clinical evidence was reported about the
significant superiority of collagenated ABXs over
B-TCP particles with polylactide coating in limiting
ridge height and width changes after tooth extraction
(Table 2) [59].

As previously described for the comparison with allo-
genic/autologous grafts, no clinical trials evaluated the
dimensional outcomes of CBXs vs. synthetic material
grafting during ARP procedures.

Comparison among different heterologous graft materials

Some clinical trials compared anorganic bone from dif-
ferent species, demonstrating that alternative sources of
ABXs can be used with comparable outcomes. Overall,
anorganic bovine and porcine bone grafts were found to
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be equally effective in reducing horizontal ridge changes
in post-extraction sockets, with anorganic porcine mate-
rial showing significantly lower efficacy in vertical ridge
preservation [68] and more frequent failure of implant
stability [28]. Following this trend, two deproteinized
bovine bone minerals were demonstrated to be compara-
ble in preserving horizontal ridge width, affording a more
favorable implant position [60].

Recently, CBXs and ABXs in combination with a colla-
gen membrane were compared for alveolar ridge preser-
vation, along with natural healing of the post-extraction
sockets [31, 36] (Table 3). A significantly lower reduction
of buccal-lingual width and vertical bone dimensions was
registered at the grafted sockets compared to non-grafted
sites, with ABXs being significantly more effective than
CBXs in preserving vertical bone level at the lingual—pal-
atal aspect [31]. On the contrary, the trial by Marconcini
and collaborators [36] detected no significant differ-
ences between the two grafting materials regarding peri-
implant crestal bone loss, which was significantly greater
in the non-grafted sockets at each follow-up period (1,
2, and 4 years). Ridge preservation was also significantly
more effective than spontaneous healing in peri-implant
soft tissue recovery, with ABXs showing better aesthetic
outcomes than CBXs [36].

Finally, CBXs were also shown to be significantly more
effective than collagen sponges to preserve alveolar
ridge width measured soon after tooth extraction and
2-3 months post-grafting with the two biomaterials. Spe-
cifically, changes in alveolar width were not significant in
premolar sites, but significant differences were observed
between the two graft procedures at molar sites [83].

ABXs versus CBXs: histomorphometric evaluation

Overall, histological investigations of extraction sockets
grafted with ABXs or CBXs showed no signs of adverse
reaction or severe inflammatory response towards the
heterologous bone substitute suggesting that anor-
ganic bone [55] and CBXs of both porcine [31, 79, 82],
and equine [38] origin are safe and biocompatible ARP
biomaterials.

Bone xenografts vs. spontaneous healing

Compared with alveolar sockets left to heal sponta-
neously, ABXs [26, 73] and CBXs [31, 79] exhibited
comparable [26, 31, 73] or even improved [79] histo-
morphometric outcomes at the grafted site regarding
new bone formation or soft tissue amount (Tables 4 and
5). Conversely, Heberer and collaborators [55] provided
evidence of a significantly lower rate of new bone forma-
tion in the anorganic bone-filled sockets in comparison
with non-grafted sites. Bone apposition was observed in
the proximity of ABXs particles, but resorptive processes
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were absent. Additionally, a significantly higher amount
of NFB was detected in the apical rather than the coro-
nal region of the extraction site, regardless of the graft-
ing procedure, suggesting that bone formation could be
initiated from the apical/lateral region of the alveolar
socket and was not enhanced from the coronal direction
[55, 89]. These results are in line with evidence previ-
ously reported by Carmagnola and colleagues [52], who
demonstrated that anorganic bone grafting led to less
new bone formation and more residual connective tis-
sue compared with cases where graft materials were not
used, although no statistical analysis was performed to
prove significant differences.

Modified bone xenografts

Concordant with clinical data regarding bone dimen-
sional changes in post-extraction sockets, histomorpho-
metric evaluations demonstrated that collagenated ABXs
did not enhance newly formed bone (NFB) in compari-
son with ABXs [63] (Table 4). In general, ABXs particles
were found to be surrounded more by new vital bone
rather than connective tissue, but no signs of particle
resorption were observed. These results support animal
studies reporting that ABXs elimination might be very
slow or even remain unaltered in the osseous tissue [85].
Unlike addition of the collagen carrier, coating the ABXs
with collagen-binding peptide significantly affected the
percentage of NFB in the extraction socket compared
to uncoated ABXs [56] (Table 4). Histological and histo-
morphometric investigations highlighted new bone for-
mation both at the periphery and in the central/coronal
regions with direct bone apposition over the graft sur-
face, indicating high osteoconductive and osteoinductive
effects, with improved biocompatibility of the peptide-
modified ABXs proven by the significantly higher bone-
to-graft contact in comparison with unmodified ABXs
[56].

Bone xenografts associated with barrier membranes

In ARP procedures, biological/synthetic resorbable
membranes are used to accelerate bone formation by
preventing the ingrowth of connective or epithelial tis-
sue [90]. Histomorphometric analysis of post-extraction
sockets grafted with collagenated ABXs with or without
the addition of collagen membrane did not show signifi-
cantly increased formation of new bone or better bioma-
terial resorption when the graft particles were covered
with the barrier matrix [73] (Table 4). However, in the
presence of the collagen membrane, the mean percent-
ages of NFB and residual graft material were higher and
lower, respectively [68]. On the other hand, improved
histomorphometric outcomes were observed following
the application of a PEG membrane to cover ungrafted
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sockets, with the formation of a significantly higher
amount of new bone in comparison with anorganic bone
grafts associated with the same device [76] (Table 4).

Similar to clinical evidence collected about ABXs plus
collagen matrix, a clinical trial evaluating CBXs covered
with collagen membrane and associated to flapless versus
flap elevation techniques highlighted no significant histo-
logical or histomorphometrical differences between the
two procedures [82] (Table 5).

Bone xenografts vs. allogenic or autologous grafts

Most clinical trials comparing ABXs (= heterologous col-
lagen) and bone allografts highlighted that both materials
performed well histologically and resulted in comparable
amounts of new bone formation in the grafted sockets
[65, 71, 76]. Significantly higher amounts of collagenated
ABXs rather than allograft remnants were observed in
the grafted sites, confirming a previous hypothesis on the
poor resorption rate of the xenograft material. Little or
no signs of osteoclastic resorption and graft remodeling
were observed, whereas bone allografts histologically
exhibited a more active state of turnover and replace-
ment within the grafted socket [65]. Unlike the above
cited studies, only one trial reported clear superiority of
bone allograft mixed with an experimental putty carrier
compared to ABXs in producing significantly more vital
bone filling the extraction socket [53] (Table 4).

Finally, statistically significant differences in histomor-
phometric outcomes were not observed when ABXs were
compared to autogenous demineralized dentin matrix for
ridge preservation. The graft biomaterials displayed ade-
quate tissue integrity, with both substitutes surrounded
by and in direct contact with NFB to confirm their osteo-
conductive properties [62].

Bone xenografts vs. synthetic grafts

Similar to clinical measurements of ridge dimensions,
histomorphometric studies showed comparable [54, 57]
or inferior [70] performance of ABXs versus synthetic
material grafting in the post-extraction socket. In par-
ticular, equivalent histological characteristics of biop-
sies ABXs from - and SBC-treated sockets were found,
with NFB mainly localized in the apical region and in
direct contact with the graft particles [54]. Similarly, no
statistical differences were reported by histomorpho-
metric analyses comparing ABXs and nanocrystalline
hydroxyapatite (NCHA) socket grafting [57]. On the
other hand, rhBMP-2/HA was found to achieve signifi-
cantly greater new bone formation than ABXs in treated
sockets, whereas comparable outcomes for the two bio-
materials were registered for soft tissue and residual graft
particles (Table 4). As reported by other histomorpho-
metric studies [54, 55], a stronger tendency to produce
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new bone in the apical region compared with the coronal
portion was evidenced in both treatment conditions [77].
Finally, when collagenated ABXs were compared with
HA-collagen composites, a significantly lower percentage
of NFB [66] and significantly higher amounts of residual
biomaterial particles [77] were histomorphometrically
detected within the treated alveolar sockets.

Comparison among different heterologous graft materials
Histologically, similar efficacies of anorganic bone from
different species were demonstrated. No statistically sig-
nificant differences were detected among extraction sites
treated with bovine and porcine anorganic bone [28] or
different deproteinized bovine bone xenografts [60] with
regard to the mean percentage of vital bone formation,
residual graft material, and connective tissue (Table 4).
Both bovine and porcine ABXs showed high porosity
that allowed for new bone formation and ingrowth [28].
Three clinical trials reported comparisons between
CBXs and ABXs for ARP with conflicting results. On
the one hand, no significant differences were detected in
terms of NFB, connective tissue prevalence, and resid-
ual graft particles in the alveolar socket. Nevertheless, a
higher percentage of NFB and lower amount of residual
bone substitute were found in the CBXs-treated group,
likely indicating different resorption rates for the two
biomaterials and possibly a more promising healing pat-
tern for CBXs compared to ABXs [31]. More intriguing
histological evidence was recently reported by Di Stefano
and colleagues [38]. Besides demonstrating the presence
of native type I bone collagen in CBXs, but not in ABXs,
this study detected a significantly greater quantity of
NFB and fewer residual biomaterial particles after socket
grafting with collagen-preserving material rather than
anorganic heterologous bone. These findings are the first
clinical demonstration that the manufacturing process
can greatly affect xenograft behavior, underscoring the
importance of preserving bone collagen in its native form
to enhance the biomaterial’s regenerative effect (Table 5).

ABXs versus CBXs: secondary outcome variables

High heterogeneity was found regarding secondary
outcome variables reported by the selected clinical tri-
als. A frequently evaluated variable was site elegibility
for implant placement after ARP and eventual need for
bone augmentation regardless the grafting procedure.
Concerning ABXs, several trials reported that both
grafted and ungrafted sites healed uneventfully, show-
ing adequate alveolar ridge preservation to receive an
implant without any additional grafting or bone augmen-
tation procedure [26, 52, 53, 56, 60, 62, 64, 67, 71, 78].
Conversely, other authors highlighted the need to per-
form additional augmentation along with dental implant
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placement due to insufficient ridge volume [28, 63, 65,
69, 74] or to the presence of fenestration or small dehis-
cence at the grafted site [57, 58, 69]. Remarkably, Cha and
collaborators [72] provided evidence supporting more
frequent bone augmentation for ungrafted rather than
grafted sockets. Similar trends were observed for CBXs,
with some trials describing implant placement without
the need for bone augmentation in both untreated and
treated sockets [79, 82] and other studies reporting bet-
ter volume conditions for implant loading in grafted sites
(34, 36].

Postoperative histological analyses of the healed sock-
ets mostly demonstrated newly formed keratinized
mucosa and no signs of inflammation for both ABXs- [26,
28, 54, 55, 70, 77] and CBXs- [38, 79, 82] grafted sites,
confirming the biocompatibility of both materials. Also,
supporting graft bio-safety, no post-operative complica-
tions (i.e., rejection or wound infections around the graft-
ing region) were generally recorded at any surgical site by
both ABXs [28, 55, 59-62, 64, 66, 67, 71, 74, 77, 78] and
CBXs [36, 38, 79-81] trials.

Among dimensional outcomes, buccal plate thick-
ness was poorly considered by selected clinical studies,
although it was proven to affect the amount of horizon-
tal and vertical crest resorption in human sockets [61].
Overall, ABXs trials detected non-significant changes in
buccal plate thickness among naturally healed sites and
grafted sockets [28, 61, 74, 75], finding a negative correla-
tion between the initial thickness of the buccal bone and
ridge width reduction in non-grafted but not in treated
alveoli [61, 66]. Different results were reported for CBXs,
which was found to lead to buccal cortical plate loss in
the long term (10-year follow-up) [83].

Only one trial performed bone volume measures on
the post-extraction sockets, demonstrating significantly
lower bone resorption in ABXs-treated versus naturally
healed sites [62].

Finally, very few studies reported on patient-related
outcomes following socket preservation. The severity of
pain, discomfort and swelling was assessed in ABXs trials
by using the visual analog scale (VAS) score [75, 77] or
self-report questionnaires [23, 77], revealing low to mod-
erate pain level following surgery [75] and no significant
score differences between grafted and ungrafted patients
[23].

Discussion

The effects of ridge preservation with the use of differ-
ent biomaterials have been thoroughly investigated, and
filling of post-extraction sites with bone xenografts was
clinically demonstrated to significantly reduce ridge
changes in comparison with spontaneously healed sock-
ets [91]. Ridge preservation treatment also reduced
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the need for further bone augmentation at the time of
implant placement, ameliorating the aesthetic outcome
of implant rehabilitation [34, 81]. Xenogenic material
currently used for ridge preservation is predominantly
anorganic bovine/porcine bone made from the inor-
ganic portion of animal bone tissue. The manufacturing
process to produce ABXs is based on high-temperature
treatment (>300 °C), which removes cells and xeno-
genic antigens to avoid potential immunologic reactions.
This method also eliminates all organic components
and proteins, while HA with enhanced crystallinity is
maintained as the main graft constituent [60, 92, 93].
Deproteinized xenografts were demonstrated to have
good physico-chemical and osteoconductive properties
in ridge preservation strategies. Nevertheless, subopti-
mal biointegration and bioabsorption characteristics of
heat-treated materials suggest that the processing proto-
col for xenograft bone substitutes may greatly affect the
biomaterial behavior in situ regarding the regenerative
potential and quality of NFB [93]. To overcome these
limitations, bone xenografts fabricated with less aggres-
sive treatment to remove xenogenic antigens were pro-
posed to preserve the collagen component of the animal
bone, ultimately improve the bioactive properties of the
final product [38, 94]. The preservation of type I colla-
gen in bone substitutes can improve socket healing in
ARP procedures by a series of processes, including (1)
enhanced stimulation by endogenous growth factors; (2)
longer duration of regenerative stimuli; (3) physiologi-
cal modulation of bone metabolism and remodeling; and
(4) increased osteoblast adhesion, proliferation, and dif-
ferentiation [95-98]. Indeed, this might have contrib-
uted to the successful clinical outcomes with CBXs use
reported for different oral surgery procedures including
sinus lift bone grafting [42, 99-102], ridge augmenta-
tion [103-105], and peri-implant-guided bone regenera-
tion [106-108]. However, direct clinical comparisons
between anorganic and CBXs for socket preservation
were only reported in three clinical trials [31, 38, 82], so
the superiority of one biomaterial over another has not
been established yet. In this work, clinical research test-
ing ABXs or CBXs for ridge preservation was systemati-
cally reviewed to perform a preliminary comparison in
terms of the biomaterials’ dimensional and histomor-
phometric outcomes. Table 6 summarizes the collected
results, presenting minimum and maximum average
values and standard deviations recorded for horizontal/
vertical ridge resorption, as well as the percentage of
NFB, connective tissue, and residual graft particles at the
grafted sites.

Clinical outcomes for alveolar ridge dimensional
changes showed successful socket preservation when
using both ABXs and CBXs in comparison with
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Table 6 Dimensional and histomorphometric clinical outcomes obtained by grafting post-extraction sockets with ABXs versus CBXs

for ARP
Type of xenograft for Dimensional sD Histomorphometry SD
ARP change (Min- (Min-Max) (Min-Max) (Min-Max)
Max)
Anorganic Horizontal Ridge 0.065-28mm  0.13-334mm Newly Formed Bone 5.3 -37.68% 432-2651%
Bone xenograft Resorption
Vertical Ridge 0.1 =292 mm 0.2-3.6mm Connective Tissue 1.97 - 78.3% 0.44 - 24.46%
Resorption Residual graft material ~ 8.89 - 52.03% 146 - 27.2%
Collagen-preserving  Horizontal Ridge 093 -35mm 0.55-13mm  Newly Formed Bone 22.5-4512% 3.9-206%
Bone xenograft Resorption
Vertical Ridge 02-1.1mm 0.5-154mm  Connective Tissue 36.6 -41.4% 12.6 - 15.9%
Resorption Residual graft material 1091 - 29.2% 427-10.1%

spontaneous healing, with ABXs yielding better results
than untreated control and largely similar to bone allo-
grafts and synthetic materials. Horizontal ridge resorp-
tion was calculated to range from 0.065 to 2.8 mm for
ABXs and from 0.93 to 3.5 mm for CBXs, with stand-
ard deviations ranging from 0.14 to 3.34 mm and from
0.55 to 1.3 mm, respectively. Thus, lower minimum and
maximum values of horizontal bone loss were observed
for ABXs, but the standard deviations showed a broader
value range compared with CBXs (Table 6).

Vertical ridge reduction was found to be between 0.1
and 2.92 mm for ABXs and between 0.2 and 1.1 mm
for CBXs, with standard deviations ranging from 0.2 to
3.6 mm and from 0.5 to 1.54 mm, respectively. In this
case, ABXs showed a lower minimum change but higher
maximum alteration of vertical ridge dimensions with
respect to CBXs, but the value range for standard devia-
tion was still broader for the heat-treated bone substitute
(Table 6).

Histomorphometric evaluations after ARP of the
post-extraction sockets produced less obvious results
for the superiority of both anorganic bone substitutes
and CBXs over spontaneous healing or other treat-
ments, since significant differences in terms of new
bone formation were less frequently reported by cli-
nicians. However, high biocompatibility and capacity
to promote bone regeneration were observed for both
xenografts. Remarkably, Di Stefano and co-workers [38]
provided the first evidence of significantly better histo-
logical performance for CBXs rather than ABXs, sup-
porting the hypothesis that maintaining type I collagen
in its native conformation may improve the biological
effects of the graft and promote faster remodeling of the
heterologous material [109].

In summary, despite the much larger number of clini-
cal trials for ABXs rather than CBXs, the two types of
xenografts seem to provide overlapping dimensional/

histological outcomes with large measurement disper-
sion, underscoring the need of comparative clinical stud-
ies that may demonstrate the superiority of one material
over the other at a statistically significant level.

Regarding histomorphometrical measurements, NFB
was between 5.3 and 37.68% for ABXs and between 22.5
and 45.12% for CBXs, with standard deviations ranging
from 4.32 to 26.51% and from 3.9 to 20.6%, respectively.
Based on that, higher amount of NFB and lower variabil-
ity were registered for CBXs versus ABXs. This trend was
also confirmed for data concerning residual graft parti-
cles, which overall exhibited better results for CBXs (lower
range values, 10.92-29.2%) compared to ABXs (higher
range values, 8.89-52.03%), with less variability for the
collagen-preserving biomaterials (10.91-29.2% for CBXs
and 8.89-52.03% for ABXs) (Table 6). As shown in Table 6,
the amount of NFB was on average higher for CBXs rather
than ABXs, with the minimum value being much greater
(>17.2%) for CBXs with respect to ABXs. On the other
hand, the average amount of residual graft particles was
lower for CBXs, which had a clearly inferior maximum
value and standard deviation range with respect to ABXs.
Regarding connective tissue evaluation, lower measure-
ment dispersion was observed for CBXs in comparison
with ABXs. Although these trends need to be verified in
controlled clinical studies, they are in line with evidence
collected by recent trials that compared ABXs and CBXs
and demonstrated better histomorphometric outcomes
for CBXs in both ARP [38] and sinus augmentation [42]
procedures.

Concerning dimensional outcomes, some possible
trends might be hypothesized based on collected data
regarding horizontal ridge resorption, which seems to
be more limited by anorganic bone grafting, albeit with
a larger measurement dispersion (maximum standard
deviation for ABXs is about three times higher than for
CBXs). Conversely, vertical ridge preservation seems to
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be well achieved by CBXs, with maximum resorption
measures more than halved compared to ABXs (Table 6).

One topic meriting discussion is data variability, which
appears high for all the endpoints of interest, both among
different studies and within each study included in this
review. Variability among studies may be explained by
the different surgical techniques and various methods
to measure the same endpoints. Endpoints describing
dimensions varied: vertical or horizontal width, buccal
versus lingual plates, measurements performed at the
crestal level or at different vertical levels apically from the
crest. In addition, no standard methods for histomorpho-
metric measurements were considered, which also con-
tributed to histological outcome variability.

Data variability was also present at the single-study
level, highlighting how bone regeneration and dimen-
sional resorption are multifactorial processes. That is,
histomorphometric and dimensional outcomes are
expected to be influenced by a number of variables that
might act as confounders when investigating if the two
types of xenografts have any differential effects when
used for ARP.

Among such confounders, the time from surgery when
dimensional and histomorphometric assessment are per-
formed might play a pivotal role. In fact, differences in
the bone-formation rate might be more evident and sta-
tistically significant if clinical evaluations are performed
at earlier rather than later timepoints. This hypothesis is
supported by the retrospective clinical study by Di Ste-
fano and collaborators [100], demonstrating that when
CBX was used for sinus augmentation, no significant dif-
ferences in NFB and residual graft material were detected
between samples evaluated at different times from
grafting (i.e., 3-5 months, 6—8 months, 9-12 months).
These data suggest that new bone formation with CBXs
occurred soon after the grafting surgery. Remarkably,
early bone deposition is consistent with the significant
difference detected in the amount of NFB provided
by CBXs rather than ABXs in studies of ARP and sinus
augmentation [38, 42]. In this regard, the clinical trials
included in this systematic review also showed certain
variability for the time of analysis, suggesting that the
influence of this confounding factor on detecting signifi-
cant differences among experimental groups remains to
be clarified with appropriate studies.

Concerning the amounts of NFB that might be
achieved with the two types of xenografts, one might
speculate that there is an upper limit. Indeed, recent evi-
dence showed that post-natal intramembranous bone
regeneration mirrors the intramembranous ossification
that occurs during embryonic bone development, with
several molecular and cellular actors involved in both
scenarios [110]. Because of this, the upper limit to NFB
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might be equal to the physiological amount of bone that
patient has at the position of the arch where regenera-
tion will occur. This might be a reasonable assumption,
at least when osteoconductive grafts are used and one
does not use recombinant growth factors or other drugs
capable of altering bone metabolism in a relevant way. If
this is the case, another factor affecting the dimensional
and histomorphometric outcomes of ARP might be the
position within the two arches. Indeed, a recent retro-
spective assessment of 6060 bone density measurements
performed in 2048 patients across the two arches showed
that bone density (i.e., the amount of bone by volume
unit) at each position within the upper or the lower jaw
exhibits significant interindividual variation, and the
same patient may display significantly different densi-
ties at various positions [111]. Thus, the amount of bone
growth expected should vary according to the location of
the grafted site.

Finally, within the limits of the present systematic
review, it is worth pointing out that the addition of a col-
lagen carrier to ABXs did not improve dimensional and
histomorphometric results compared to ABXs alone,
remaining merely a technical option that allows easier
biomaterial handling and application.

Thus, although the trends described in the present
study suggest that ABXs and CBXs may provide differ-
ent dimensional and histomorphometric outcomes when
used for ARP, whether they actually do remain an open
question. Answering it will require appropriate RCTs
with adequate sample sizes and an experimental design
carefully conceived to eliminate or at least limit the
effects of several confounding factors. Possibly, studies
should focus on more homogeneous patient subgroups
as far as bone density is concerned (as opposed to the
general population who might be subjected to ARP).
Researchers should also compare xenografts grafted in
symmetric or adjacent positions within the same jaw;
biopsies for histomorphometric assessment should be
taken soon after procedures to detect if bone formation
kinetics vary between the two types of xenografts. Fur-
thermore, the effect of carriers should be carefully inves-
tigated. While collagen added to ABXs does not seem to
provide any advantage, except for better handling, it (and
other carriers) might still act as a confounder, so in our
opinion, studies should first compare xenografts (i.e.,
bone granules) with no carrier added. Finally, should
any difference in histomorphometric outcomes ever be
observed between ABXs and CBXs when used in ARP,
future studies should investigate if this correlates with
dimensional preservation of the ridge, as this point still
seems unclear. Well-designed studies comparing ABXs
and CBXs for ARP procedures may also allow to mini-
mize data variability and study heterogeneity; those of
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data collected and discussed in the present review were
indeed too high to perform any meaningful statistical
analysis. This is an important limitation of the present
work.

Overall conclusions and future perspectives

The comparison between anorganic bone substitutes and
CBXs for ARP procedures may provide useful informa-
tion to help guide the selection of socket grafting mate-
rial, but clinical data remain scant and inconclusive.
Reviewed trials on ABXs and CBXs showed considerable
data variation for both dimensional and histomorpho-
metric measures of ridge preservation, which may be
explained by either the intrinsic biological variability in
human healing or the presence of extrinsic factors that
influence the regenerative process. Overall, this system-
atic review supports the clinical efficacy of ARP proce-
dures based on ABXs and CBXs, but we were unable to
reach conclusions about the superiority of one xeno-
graft over the other based on currently available data
about ridge dimensional changes and histomorphomet-
ric measures. Appropriately designed clinical studies
need to be carried out to directly compare anorganic
bone substitutes and CBXs to assess which biomaterial
provides better ridge preservation. Additionally, there
is a lack of specific studies into the possible correlation
between dimensional ridge preservation and histologi-
cal outcomes in terms of new bone formation; such work
would provide novel insights about the clinical efficacy
of ARP procedures. Better characterization of these
bone xenografts will be useful to guide clinical decision-
making for post-extraction socket treatment and provide
new perspectives on the use of different xenogenic bone
substitutes.
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