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Abstract

Objectives: This systematic review and meta-analysis aimed to evaluate histological
outcomes of alveolar ridge preservation (ARP) compared to spontaneous healing after tooth
extraction, focusing on the percentage of new bone formation and residual graft material.
Materials and Methods: Randomized controlled trials (RCTs) assessing histomorphometric
outcomes in humans were included. Eligible studies compared ARP using various graft
materials to unassisted socket healing. Primary outcome was new bone formation (%);
secondary outcome was residual graft material (%). Random-effects meta-analyses and
subgroup analyses were conducted based on graft material type, membrane application,
and healing duration. Risk of bias and certainty of evidence were assessed using the
Cochrane RoB 2.0 tool and GRADE, respectively. Results: Twenty-two RCTs (816 patients)
met inclusion criteria. Overall, ARP did not result in significantly greater new bone
formation compared to spontaneous healing (mean difference —5.86%, 95% CI: —13.84% to
2.11%, p =0.15; 2= 98%), revealing a paradoxical trend: while ARP maintains ridge volume,
histologically it may yield slightly lower proportions of vital bone compared to unassisted
healing. However, autologous biomaterials (e.g., PRF/CGF) and xenografts with collagen
membranes showed significantly new bone formation (mean differences +16.28% and
—22.47%; p< 0.001 and p = 0.003, respectively). Residual graft content was highest in
relation to xenografts and allografts, particularly without membranes. Long-term studies
demonstrated a statistically significant benefit for ARP following excluding high-risk trials.
Conclusions: Histological advantage of ARP is biomaterial-dependent. Autologous platelet
concentrates and xenografts with membranes yielded the most consistent bone regeneration
outcomes. Clinical Relevance: Although ARP preserves socket volume, its histological
superiority over natural healing is not universal. Therefore, the selection of biomaterials
and determination of and appropriate healing period are critical parameters.

Keywords: alveolar ridge preservation; socket preservation; histomorphometry; bone graft;
new bone formation

1. Introduction

Tooth extraction is an indispensable procedure in clinical dentistry, commonly per-
formed due to advanced caries, periodontal disease, endodontic failures, or trauma. How-
ever, the biological consequence of extraction is a substantial resorption of the alveolar

Dent. J. 2025, 13, 556

https://doi.org/10.3390/dj13120556


https://doi.org/10.3390/dj13120556
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/dentistry
https://www.mdpi.com
https://orcid.org/0009-0007-2045-9352
https://orcid.org/0000-0002-2156-0686
https://orcid.org/0000-0002-6951-8794
https://orcid.org/0000-0001-9863-4949
https://doi.org/10.3390/dj13120556
https://www.mdpi.com/article/10.3390/dj13120556?type=check_update&version=4

Dent. J. 2025, 13, 556

2 of 24

ridge, which can significantly compromise future prosthetic rehabilitation, particularly the
placement and esthetic success of dental implants [1,2]. The loss of alveolar bone is most
pronounced within the first few months after extraction, with studies demonstrating that
approximately two-thirds of the total reduction in ridge volume occurs within the first
12 weeks [3,4]. The buccal plate, being thinner and composed largely of bundle bone, is
especially susceptible to rapid resorption, particularly in the esthetic anterior maxilla [5,6].

To counteract these dimensional changes, various socket preservation techniques—also
termed alveolar ridge preservation (ARP)—have been developed. ARP involves placement
of grafting materials, often combined with barrier membranes, into the socket immediately
after tooth extraction, aiming to mitigate hard and soft tissue collapse [7,8]. The biological
rationale behind ARP is to provide a scaffold for bone ingrowth, maintain space, and promote
clot stability, thereby modulating the natural healing cascade [1]. A wide range of biomate-
rials has been investigated for this purpose, including xenografts, allografts, synthetic bone
substitutes (alloplasts), demineralized bone matrices, and autologous platelet concentrates,
each characterized by distinct osteoconductive and osteoinductive properties [9,10].

Although ARP has been shown to limit dimensional shrinkage compared to sponta-
neous healing, its histological efficacy, specifically in promoting new vital bone formation
versus the presence of residual biomaterials, remains debated [11,12]. Some materials,
particularly slow-resorbing xenografts, have been associated with significant amounts of
residual graft material even months after placement, which could influence subsequent
implant osseointegration [10,13]. In contrast, autologous approaches such as platelet-rich
fibrin (PRF) are hypothesized to accelerate natural bone regeneration with minimal foreign
body persistence [14].

Despite numerous randomized controlled trials (RCTs) evaluating various ARP ap-
proaches, inconsistencies in study designs, grafting protocols, histological methodologies,
and reporting standards have complicated direct comparisons. Moreover, existing system-
atic reviews have either focused primarily on clinical dimensional outcomes (e.g., ridge
width, height) or included heterogeneous study designs without stratifying by histological
parameters [8,15]. A focused and methodologically rigorous synthesis of histological data
from RCTs is therefore urgently needed to clarify the true regenerative capacity of different
socket preservation strategies.

The primary objective of this systematic review and meta-analysis is to evaluate the
histological outcomes of alveolar ridge preservation (socket preservation) compared to spon-
taneous healing after tooth extraction in human subjects, focusing on new bone formation
and residual graft material proportions. Secondary objectives include investigating whether
different graft material types (xenografts, allografts, alloplasts, autologous concentrates) and
the use of barrier membranes influence these histological outcomes. By systematically synthe-
sizing and quantitatively analyzing data from randomized controlled trials, this review aims
to identify the most biologically effective strategies for socket preservation, thereby informing
clinical protocols and improving implant treatment predictability.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review and meta-analysis were designed and conducted in accor-
dance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA 2020) guidelines. The protocol was prospectively registered in the International
Prospective Register of Systematic Reviews (PROSPERO) under the registration number
CRD420251019531. The PRISMA 2020 Checklist is available in Supplementary Table S1.
The review was developed according to the PRISMA-PICOS framework, defining eligibility
based on study population, intervention, comparator, outcomes, and study design.
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In accordance with PRISMA guidelines, the focused PICO question was formulated
as follows:

Population (P): patients undergoing tooth extraction;

Intervention (I): alveolar ridge preservation (ARP) using any graft material and /or membrane;
Comparison (C): spontaneous (unassisted) socket healing;

Outcome (O): histomorphometric parameters, including percentage of new bone formation,
residual graft material, and connective or non-mineralized tissue.

2.2. Eligibility Criteria

Studies were eligible if they fulfilled the following inclusion criteria: (1) randomized
controlled trials (RCTs) in human subjects who underwent tooth extraction; (2) interven-
tion involving alveolar ridge preservation (ARP) using any grafting material, including
xenografts, allografts, synthetic bone substitutes (alloplasts), demineralized bone matrix,
or autologous platelet concentrates; (3) comparison to spontaneous healing (i.e., healing
without the use of grafts or membranes); (4) quantitative reporting of histological or histo-
morphometric outcomes such as percentage of new bone formation, residual graft material,
or connective tissue; and (5) minimum follow-up duration of two months post-extraction.

Exclusion criteria comprised the following: (1) non-randomized studies (e.g., case se-
ries, cohort studies), (2) animal or in vitro studies, (3) studies lacking histological endpoints
or without a spontaneous healing control group, and (4) studies incorporating additional
interventions beyond socket preservation (e.g., guided bone regeneration, simultaneous
implant placement).

2.3. Information Sources

A comprehensive literature search was conducted across five electronic databases:
PubMed/MEDLINE, EMBASE, Scopus, Web of Science, and the Cochrane Central Reg-
ister of Controlled Trials (CENTRAL). The final search was completed on 15 April 2025.
Additional manual searches were performed on the reference lists of included studies and
relevant systematic reviews to ensure completeness.

2.4. Search Strategy

Search strategies were customized for each database using a combination of Med-
ical Subject Headings (MeSH) and free-text terms. Keywords included “tooth extrac-

v v v ”

tion,” “socket preservation,” “alveolar ridge preservation,” “bone graft,” “xenograft,

"o s

“allograft,” “synthetic bone substitute,” “histological analysis,” “new bone formation,” and
“randomized controlled trial.” Full search strategies for each database are detailed in the

Appendix A Table A1.

2.5. Selection Process

Two independent reviewers (I.B. and L.E.) screened all titles and abstracts for eligibility.
Full texts of potentially relevant articles were then retrieved and evaluated against the
inclusion and exclusion criteria. Inter-reviewer agreement was assessed using Cohen’s
kappa coefficient, which demonstrated substantial agreement (k > 0.80). Any discrepancies
were resolved through discussion, and where needed, a third reviewer (1.V.) was consulted
to reach consensus. This process ensured consistency and reproducibility in study selection.

2.6. Data Collection Process

Data extraction was conducted independently and in duplicate by two reviewers
using a standardized electronic form, in accordance with Cochrane guidelines. Extracted
data included study characteristics (author, year, country, design), sample size, participant
demographics, grafting material type, membrane application, healing duration, histological
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evaluation method, and histomorphometric outcomes (new bone formation percentage,
residual graft, connective tissue). For studies comparing multiple interventions against
a single control group, we adhered to the Cochrane-recommended strategy of combining
the experimental arms to prevent unit-of-analysis errors. In cases where relevant data were
missing, unclear, or inconsistently reported, attempts were made to contact study authors
via email to obtain clarification or additional information. All discrepancies in extracted
data or interpretations were resolved through discussion between the two reviewers. If
consensus was not reached, a third reviewer was consulted to adjudicate the decision.
Extraction was conducted independently and in duplicate by two reviewers using a stan-
dardized electronic form, in accordance with Cochrane guidelines. Extracted data included
study characteristics (author, year, country, design), sample size, participant demographics,
grafting material type, membrane application, healing duration, histological evaluation
method, and histomorphometric outcomes (percent new bone, residual graft, connective
tissue). For studies comparing multiple interventions against a single control group, we
adhered to the Cochrane-recommended strategy of combining the experimental arms to
prevent unit-of-analysis errors. Any inconsistencies were resolved through consensus or
third-party adjudication.

2.7. Data Items

Primary outcome: percentage of new bone formation within the socket, measured
histologically. Secondary outcomes included percentage of residual graft material, percent-
age of connective or trabecular tissue, graft material category, membrane application, and
healing time.

2.8. Risk of Bias Assessment

The risk of bias was independently assessed for all included RCTs using the Cochrane
Risk of Bias 2.0 (RoB 2) tool. This structured tool evaluates five domains: (1) bias from
the randomization process, (2) bias due to deviations from intended interventions, (3) bias
due to missing outcome data, (4) bias in outcome measurement, and (5) bias in selection
of the reported result. Judgments were categorized as low-risk, some concerns, or high-
risk. Ten studies were judged as low-risk, six had some concerns, and five were deemed
high-risk. Such studies were appraised with particular scrutiny in the RoB 2 assessment
and incorporated into sensitivity analyses to evaluate their impact on the overall findings.
Ratings were also integrated into the GRADE assessment framework to assess confidence
in effect estimates.

2.9. Effect Measures

All outcomes were continuous and reported as mean differences (MDs) with correspond-
ing 95% confidence intervals (Cls). When studies reported data as medians and ranges or
interquartile intervals, these were converted to means and standard deviations using the
method proposed by Hozo, Djulbegovic, and Hozo (2005) [16], which provides an established
approach for approximating parametric estimates from nonparametric summary data. This
approach has been widely adopted in meta-analyses involving continuous outcomes.

2.10. Synthesis Methods

Meta-analyses were conducted using a random-effects model (DerSimonian and Laird
method) to account for expected clinical and methodological heterogeneity. In studies
with multiple intervention arms compared against a single control group, we combined
intervention groups to avoid unit-of-analysis errors, as recommended by the Cochrane
Handbook. Heterogeneity was assessed using the I? statistic, with 25%, 50%, and 75%
interpreted as low, moderate, and high heterogeneity, respectively. Tau? (t?) was also
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calculated to estimate between-study variance. Influence diagnostics including DFFITS,
Cook’s Distance, and leave-one-out sensitivity analyses were conducted to identify outliers
and assess model robustness.

Meta-analytic computations were performed using Review Manager (RevMan Web,
Cochrane Collaboration, London, United Kingdom, 2025), and JASP version 0.18.2. Forest
plots were generated to present individual and pooled effect sizes, and all analyses were
cross-validated across both platforms.

2.11. Subgroup and Sensitivity Analyses

Prespecified subgroup analyses were conducted by graft material type (e.g., xenograft,
allograft, alloplast, autologous) and by healing duration (short-term < 3 months vs. long-
term > 3 months). Sensitivity analyses were performed by excluding high-risk-of-bias
studies and outliers flagged by influence diagnostics.

2.12. Meta-Bias Assessment

Publication bias was evaluated through funnel plot inspection and Egger’s regression
test, provided there were at least 10 studies for the outcome. For new bone formation, no
evidence of publication bias was found (Egger’s p = 0.576).

2.13. Certainty of Evidence

The certainty of the evidence for each outcome was appraised using the GRADE
approach, considering five domains: risk of bias, inconsistency, indirectness, imprecision,
and publication bias. Each domain was independently assessed by two reviewers. The
overall certainty for new bone formation was rated as moderate due to downgrades in risk
of bias and inconsistency.

3. Results
3.1. Study Selection

The electronic search revealed 14.705 studies in total. Following screening of the
article titles, 5.732 potentially relevant articles were identified after duplicate removal.
Independent screening of abstracts resulted in the selection of 29 publications for possible
inclusion. Following full-text screening, 22 of the 29 articles met the inclusion criteria and
thus were included in the systematic review.

A total of 22 randomized controlled trials (RCTs) fulfilled the inclusion criteria and
were incorporated into the quantitative synthesis. These studies collectively enrolled 505
patients allocated to socket preservation interventions and 311 patients managed with
spontaneous healing. The study selection process, including identification, screening, and
eligibility assessments, is detailed in Figure 1.
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Records removed before
screening:
Records identfied from*: Duplicate records removed
Datsbsses (n= 14,705 ) —»| (=8.973)
Registers (n=0) Records marked as ineligible
by sutomation tools (n=0)

Records removed for other
reasons (n=0)

Records excluded™*
Records screened o (n=5.643)
(n=5.732) )
Reports soughtfor retneval » | Reportsnotretreved
(n=29) (n=0)

Reports excluded: 7

Reports assessed for eligibility Reason 1 No Histologicsl
(n=29) outcomes (n=5)

Reason 2 Incomplete control
group data(n=1)

Reason 3 No control group
histological dsta (n=1)

etc.

Studies included in review
n=22)
eports of included studies
(n=22)

Figure 1. Flowchart summarizing the process of study identification, screening, eligibility assessment,
and inclusion, in accordance with the PRISMA 2020 guidelines. * Records identified from database
searches (e.g., PubMed, Scopus, Web of Science, Embase). No records were retrieved from study
registries. ** Records excluded after title and abstract screening.

3.2. Study Characteristics

Table 1 summarizes the detailed characteristics of the included studies, including
study design, type of grafting material, control interventions, sample sizes, follow-up
durations, and histological assessment methods.

Table 1. Study characteristics of included trials evaluating histological outcomes following socket
preservation [17-38].

Sample Size

Study . Grafting Follow-Up Histological Assessment
(Author, Year) Country Study Design Material Control . (Interven- (Months) Method
tion/Control)
Undecalcified sections;
Areewong, 2019 . Spontaneous toluidine blue staining;
[17] Thailand RCT PRE healing 18/18 2 histomorphometry under
light microscopy
SocketKAP/
SocketKAP + Ground section
Bakhshalian, Xenograft/ Spontaneous . . .
2018 [18] USA RCT SocketkAGE + healing 6/11/3/2 6 hlgtgmorphometry, specific
Xenograft + staining method not reported
SocketKAP
Undecalcified sections;
Spontaneous histomorphometry of new
Barone, 2017 [19] Ttaly RCT Xenograft healing 30/30/30 3 bone, residual graft, and

connective tissue
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Table 1. Cont.

Sample Size

Study . Grafting i Follow-Up Histological Assessment
(Author, Year) Country Study Design Material Control . (Interven (Months) Method
tion/Control)
DBBM-C + Undecalcified sections; light
BenAmara, 2021 Tunisia RCT collagen Sponta_neous 18/16 6 microscopy with
[20] healing . .
membrane morphometric analysis
Alloplast/ Spontaneous H&E and Masson’s
Bonta, 2022 [21] Argentina RCT Alloplast + P neou 7/7/7 6 trichrome-stained sections;
. healing .
Emdogain histomorphometry
Brownfield & Spontaneots Undecalcified histological
Weltman, 2012 USA RCT FDBA pontal 10/10 2.5-3 sections; staining method
healing s
[22] not specified
Resin-embedded
Canellas, 2020 Brazil RCT PRF Spontaneous 2184/24 3 undecalcified sections;
[23] healing 1 . .
toluidine blue; image analysis
Bovine bone Undecalcified
mineral (Bio-Oss resin-embedded sections;
Cardaropoli,2012 Ital RCT Collagen) + Spontaneous 24/24 (48 sockets 4 Azure IT and pararosaniline
[24] ay Porcine collagen healing from 41 patients) staining; histomorphometric
membrane analysis under
(Bio-Gide) light microscopy)
Dhamiia, 2020 Spontaneous Toluidine blue-stained
) India RCT FDBA + PRF pontat 15/15 34 undecalcified sections;
[25] healing hi
istomorphometry
. Undecalcified histological
For;toezs(l]\/{gzt]ms, Brazil RCT PI;%I;%F + Sp(})lr;’;irfgus 5/5/5 6 sections; methoq of staining
not described
Xenograft P .
Masson’s trichrome staining
Gabay, 2022 [27] Israel RCT (DBBM-C) + Spontapeous 14/14 6 of undecalcified sections;
collagen healing e )
membrane quantitative light microscopy
Spontancous Semithin ground sections
Hauser, 2013 [28] Switzerland RCT PRF/PRF-Flap Phealin 9/6/8 2 stained with toluidine blue;
8 light microscopy
Undecalcified histological
Tasella, 2003 [29] USA RCT FDBA + collagen Spontapeous 12/12 6 sections; morphometric
membrane healing .
software analysis
Histomorphometry; specific
Ivanova, 2021 . PRF + Spontaneous : R
130] Bulgaria RCT Allograft/PRE healing 30/30/30 4 details of staining
not reported
DBBM-C +
Lim, 2019 [31] South Korea RCT collagen Sponta_neous 11/10/8 4 Unfie‘calglﬁed sectioning;
membrane/ healing digital image analysis
DBBM-C
Histology and
CGFs Spontaneous histomorphometry of new
Ma, 2021 [32] China RCT (Concentrated . 23/23 35 . o
healing bone vs. residual graft; image
Growth Factors) .
analysis tools
Resin-embedded sections;
MacBeth, 2024 UK RCT Xenograft Sponta_neous 30/30 4 toluidine bl_ue _stammg,'
[33] healing quantitative
histomorphometry
. Undecalcified ground
Macht¢1, 2019 Israel RCT DBBEM vs. Sponta_neous 11/11/11 4-45 sections; standardized
[34] Alloplast healing li .
ight microscopy
Spontan H&E-stained undecalcified
Mayer, 2016 [35] USA RCT Alloplast pontaneous 14/15 5 sections; point-counting
healing hi
istomorphometry
Plastic-embedded sections;
PRF/PRF + Spontaneous toluidine blue;
Sayed, 2019 [56] Egypt RCT Alloplast healing 12/12/12 3 histomorphometric
measurement
Undecalcified resin blocks;
Stumbras, 2019 . . Xenograft/ Spontaneous i N
[37] Lithuania RCT Allograft/PRGE healing 10/10/10/10 3 toh;ldme l?lue staining;
ight microscopy
Allograft/ Light microscopy on stained
Zampara, 2022 Greece RCT Xenograft/ Spoma.neous 8/8/8/8 6 undecalcified sections;
[38] healing X
Alloplast histomorphometry

RCT, randomized controlled trial, PRF, platelet-rich fibrin, CGFs, concentrated growth factors, FDBA, freeze-dried
bone allograft, demineralized freeze-dried bone allograft, DBBM, deproteinized bovine bone mineral, DBBM-C,
deproteinized bovine bone mineral with collagen, BMAC, bone marrow aspirate concentrate, H&E, hematoxylin
and eosin, KAP, keratinized autologous punch, KAGE, keratinized autologous graft extension.

The present systematic review included 22 studies that evaluated histological outcomes
following alveolar ridge preservation (ARP) using various grafting materials in comparison
to spontaneous healing. All studies were randomized controlled trials (RCTs). The studies
were conducted across diverse regions including Europe, Asia, North and South America,
and the Middle East.
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The sample sizes in intervention and control groups ranged from 5 to 60 subjects, with
follow-up durations varying from 2 to 6 months post-extraction. Socket preservation proce-
dures involved a broad spectrum of grafting materials such as platelet-rich fibrin (PRF),
concentrated growth factors (CGFs), freeze-dried bone allograft (FDBA), demineralized
FDBA (DFDBA), deproteinized bovine bone mineral with collagen (DBBM-C), and various
synthetic alloplasts. In some cases, biologics such as Emdogain or bone marrow aspirate
concentrate (BMAC) were added.

Histological assessment in all studies was performed using undecalcified sections,
which were embedded in resin or plastic and processed for microscopic evaluation. Most
studies applied toluidine blue, Hematoxylin and Eosin (H&E), or Masson'’s trichrome stains
to distinguish mineralized from soft tissue components. Histomorphometric outcomes
typically included the percentage of newly formed bone, residual graft particles, and
marrow or connective tissue, with quantitative analysis carried out using point-counting,
image analysis software, or digital morphometry.

3.3. Risk of Bias Assessment

The methodological quality of the 22 included randomized controlled trials was evaluated
using the Cochrane Risk of Bias 2.0 (RoB 2) tool, which assesses five domains: randomiza-
tion process, deviations from intended interventions, missing outcome data, measurement
of outcomes, and selection of the reported result. Overall, the quality of the studies was
variable, with 10 trials judged to be at low risk of bias across all domains. These studies
demonstrated clear randomization procedures, appropriate handling of interventions, mini-
mal loss to follow-up, objective and standardized histological outcome measurements, and full
protocol transparency.

Six studies were judged to raise some concerns regarding bias. These concerns were
most frequently related to incomplete information on allocation concealment, possible de-
viations from the intended protocol, or insufficient clarity in outcome reporting. Although
these studies did not exhibit high risk in any single domain, the lack of full methodological
transparency warranted a conservative rating.

Five studies were considered to be at high risk of bias. Notably, studies such as Gabay
(2022), Hauser (2013), Iasella (2003), and Ivanova (2021) [27,30,39] presented multiple sources
of potential bias, including unclear or inappropriate randomization methods, high levels
of missing data, and concerns about selective outcome reporting or outcome assessment
blinding. These limitations could have introduced systematic errors in the estimation of
treatment effects, particularly in studies relying on histological endpoints that are subject to
variation based on sampling technique, region of interest, and examiner calibration.

The detailed assessments for each study are presented in Table 2. These risk of bias
ratings were taken into account during sensitivity analyses and in the GRADE assessment of
the overall certainty of the evidence. Notably, exclusion of high-risk studies in subgroup and
sensitivity analyses did not materially alter the results’ direction or magnitude, supporting
the findings’ robustness despite some methodological variability across the included trials.

Table 2. Risk of bias assessment of included RCTs (Cochrane RoB 2 Tool) [17-38].

Study Domain 1: D‘or'naln 2: Domain 3: Domain 4: Domalp > Overall Risk
. Deviations from . Outcome Selective .
(Author, Year) Randomization . Missing Data . of Bias
Intervention Measurement Reporting
Areew[cl)gig, 2019 Low Low Low Low Some concerns Low
BakhShﬁl;Sn’ 2018 Low Low Some concerns Low Low Low
Barone, 2017 [19] Low Low Low Low Low Low
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Table 2. Cont.

Domain 2: Domain 4: Domain 5:

Study Domain 1: " Domain 3: . Opverall Risk
. . Deviations from .. Outcome Selective .
(Author, Year) Randomization . Missing Data . of Bias
Intervention Measurement Reporting
Ben Ar[g?ﬁa’ 2021 Low Low Some concerns Low Low Low
Bont4, 2022 [21] Some concerns Low Low Some concerns Low Some concerns
Brownfield&Weltman,

2012 [22] Low Low Low Low Low Low
Canellas,2020 [23] Low Low Low Low Low Low
Cardaropoli,2012

[24] Low Low Low Low Low Low
Dhan[l;];], 2020 Some concerns Low Low Low Some concerns Some concerns
Fontes Martins,

2021 [26] Low Low Low Low Some concerns Low
Gabay, 2022 [27] High Some concerns Low Some concerns High High
Hauser, 2013 [28] High Low Some concerns Low Some concerns High
Iasella, 2003 [29] Some concerns High Some concerns High High High
Ivanova, 2021 [30] High Low Low Low Some concerns High

Lim, 2019 [31] Low Low Low Low Low Low

Ma, 2021 [32] Low Low Low Low Low Low

MacB[e;r?], 2024 Low Low Low Low Low Low

Machtei, 2019 [34] Low Low Low Low Low Low
Mayer, 2016 [35] Some concerns Low Low Low Some concerns Some concerns
Sayed, 2019 [36] Some concerns Some concerns Low Some concerns Low Some concerns

Stumbras, 2020

[37] Low Low Some concerns Low Some concerns Some concerns

Zamp [a%;a], 2022 Low Low Low Low Low Low

3.4. Primary Outcome: New Bone Formation
3.4.1. Overall Meta-Analysis

Table 3 presents the mean percentages, standard deviations, and sample sizes for new
bone formation in both socket preservation and spontaneous healing groups across 22
randomized controlled trials. New bone formation ranged from 23.9% to 62.04% in the
socket preservation groups, and from 5.98% to 39.69% in the spontaneous healing groups.

Table 3. Summary of mean new bone formation (%) as assessed histomorphometrically in included
randomized controlled trials comparing socket preservation with spontaneous healing. The table
reports the mean percentage of newly formed bone, standard deviation (SD), and sample size (N) for
both the socket preservation (intervention) and spontaneous healing (control) groups [17-38].

Study (Author, Year) Sockiflz;'is(eoz\;atlon Socketsll’;e(iz;‘vatlon I’reszll'):ali(t?ttm N Control Mean (%) Control SD (%) Control N
Areewong etal., 2019 [17] 31.33 18 18 26.33 19.63 18
Bakhshalian et al., 2018 [18] 41.67 7.38 12 27.47 7.8 12
Barone et al., 2017 [19] 41.64 19.86 44 359 14.7 30
Ben Amaral et al., 2021 [20] 30.87 17.27 16 15.62 15.62 16
Bontaetal., 2022 [21] 39.79 9.97 14 35.62 9.97 14
Cardaropoli et al., 2012 [24] 26.34 16.91 24 43.82 12.23 24
Brownfield&Weltman, 2012 [22] 47.14 9.1 10 35.9 9.1 10
Canellas et al., 2020 [23] 55.66 11.13 24 39.89 11.13 24
Dhamija et al., 2020 [25] 57.32 9.34 15 15.43 15.43 15
Fontes et al., 2021 [26] 49.5 5.96 8 5.98 5.98 8
Gaby etal., 2022 [27] 39.7 17.37 14 23.04 23.04 14
Hauser et al., 2013 [28] 239 57 15 249 3.7 15
Tasella et al., 2003 [29] 62.04 2.34 30 39.04 10.89 30
Ivanova etal., 2021 [30] 39.6 9.34 18 10.89 10.89 18
Limetal., 2019 [31] 14.12 1.9 18 18.45 18.45 18
Ma etal., 2021 [32] 58 13 23 48 23 23
Macbeth et al., 2024 [33] 24.87 15.06 22 45.89 11.48 23
Machetti etal., 2019 [34] 33.33 4.36 26 81.72 43 26
Mayer et al., 2018 [35] 37.6 6.47 14 29.85 2.28 12
Sayed et al., 2018 [36] 51.0 9.04 10 29.85 2.28 12
Stumbras et al., 2020 [37] 34.33 5.88 40 484 15.2 40

Zamparra etal., 2022 [38] 39.6 12.8 8 57.0 12.8 8
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The primary meta-analysis, synthesizing data from all 22 studies, found no statistically
significant difference in new bone formation between socket preservation and spontaneous
healing. The pooled mean difference was —5.86% (95% confidence interval [CI]: —13.84% to
2.11%, p = 0.15), indicating a non-significant trend toward higher new bone formation in the
control (spontaneous healing) group. However, the direction and magnitude of this effect
should be interpreted with caution due to substantial heterogeneity (1> = 98%), reflecting
considerable variability in study protocols, materials, and healing times (Figure 2).

Socket Preservation Control Mean difference Mean difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
1.1.1 NBF OVERALL

Areewong et al. 2019 31.33 18 18 26.33 19.63 18 4.4% 5.00 [-7.30, 17.30] -+
Bakhshalian et al. 2018 41.67 7.38 25 7247 7.8 12 4.8% -30.80 [-36.08 , -25.52] -

Barone et al. 2017 39.1 19.86 60 44 14.7 30 4.7% -4.90 [-12.17 , 2.37] -
Ben Amara et al. 2021 30.87 17.27 18 5394 16.52 16 4.4% -23.07 [-34.44 , -11.70] —

Bonta et al. 2022 39.79 9.15 14 3562 9.97 7 4.6% 4.17 [-4.63 , 12.97] T+
Brownfield &amp; Weltman 2012 374 15.14 10 355 9.1 10 4.4% 1.90 [-9.05, 12.85] -1
Canellas et al. 2020 55.96  11.97 24 3969 11.13 24 4.7% 16.27 [9.73 , 22.81] -
Cardaropoli et al.2012 26.34 16.91 24 4382 12.23 24 46% -17.48 [-25.83,-9.13] —
Dhamija et al. 2020 57.32 19.94 15 53.05 1543 15 4.3% 4.27 [-8.49, 17.03] -+
Fontes et al. 2021 59.45 5.66 10 40.6 5.98 5 4.7% 18.85[12.54, 25.16] -
Gabay et al. 2022 33.79 17.37 14 5114 23.04 14 4.1% -17.35[-32.46 , -2.24] —_—
Hauser et al. 2013 239 59 15 24.9 37 8 4.8% -1.00 [-4.94 , 2.94] .
lasella et al. 2003 28 14 12 54 14 12 4.4% -26.00 [-37.20 , -14.80] —_
Ivanova et al. 2021 62.04 2.34 60 39.04 10.89 30 4.8%  23.00[19.06, 26.94] -
Lim et al. 2019 14.12 5.28 21 2516 18.45 8 4.3% -11.04 [-24.02, 1.94] —

Ma et al. 2021 58 13 23 48 23 8 4.0% 10.00 [-6.80 , 26.80] .
MacBeth et al. 2024 2487 15.06 28 4589 1148 14 4.6% -21.02[-29.22,-12.82) —
Machtei et al. 2019 33.33 4.19 22 8172 4.3 1 4.8% -48.39 [-51.48 , -45.30] -

Mayer et al. 2016 47.7 10.6 14 52.6 11.6 15 4.6% -4.90 [-12.98 , 3.18] -t
Sayed et al. 2019 51.09 1.04 24 2895 2.28 12 49%  22.14[20.78 , 23.50]

Stumbras et al. 2020 34.33 6.68 30 46.4 15.2 10 4.5% -12.07 [-21.79 , -2.35] —_
Zampara et al. 2022 39.6 12.8 24 57 12.8 8 4.5% -17.40 [-27.64 , -7.16] —_—
Subtotal (Walda) 505 311 100.0% -5.86 [-13.84, 2.11] 9
Test for overall effect: Z = 1.44 (P = 0.15)

Heterogeneity: Tau? (REMLDP) = 340.83; Chi? = 2226.41, df = 21 (P < 0.00001); I* = 98%

Total (Walda) 505 311 100.0% -5.86 [-13.84, 2.11] 1
Test for overall effect: Z = 1.4 (P = 0.15) 100 80 0 50 100

Test for subgroup differences: Not applicable

Socket Preservation Control

Heterogeneity: Tau? (REMLDP) = 340.83; Chi? = 2226.41, df = 21 (P < 0.00001); I* = 98%

Footnotes

aCl calculated by Wald-type method.

bTau? calculated by Restricted Maximum-Likelihood method.

Figure 2. Forest plot of new bone formation (%) comparing socket preservation and spontaneous
healing [17-38].

3.4.2. Subgroup Analyses by Graft Material

Subgroup analyses were performed based on the type of graft material utilized. Socket
preservation procedures involving autologous growth factors (PRF or PRP) demonstrated
a statistically significant enhancement in new bone formation compared to spontaneous
healing (mean difference = +16.28%; 95% CI: 7.53% to 25.03%; p < 0.0001), albeit with very
high heterogeneity (2 = 97%).

Xenografts without membrane application did not show a significant effect (mean
difference = —25.52%; 95% CI: —97.60% to 46.56%; p = 0.27), whereas xenografts combined
with collagen membranes produced a statistically significant reduction in new bone forma-
tion (mean difference = —22.47%; 95% CI: —33.59% to —11.34%; p = 0.003) with moderate
heterogeneity (12 = 57%).
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Allografts and alloplasts demonstrated non-significant differences compared to sponta-
neous healing. Allografts yielded a pooled mean difference of —16.33% (95% CI: —47.90% to
15.24%; p = 0.20 and alloplasts yielded —14.76% (95% CI: —62.97% to 33.45%; p = 0.32), both
with substantial heterogeneity.

A forest plot stratifying results by graft material category is presented in Figure 3.

Experimental Control Mean difference Mean difference
Study or Subgroup Mean SD Total  Mean sD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 Autologous Growth Factors
Areewong et al. 2019 31.33 18 18 2633 1963 18 4.1% 5.00 [-7.30, 17.30] -T—
Canellas et al. 2020 55.96 1.97 24 3969 11.13 24 4.3% 16.27 [9.73 , 22.81) -
Fontes et al. 2021 54.2 431 5 40.6 5.98 5 4.3% 13.60 [7.14 , 20.06) -
Hauser et al. 2013 281 37 9 249 37 9 4.4% 3.20[-0.22, 6.62] o
Ivanova et al. 2021 60.79 9.72 30 39.04 10.89 30 44%  21.75(16.53, 26.97) -
Ma et al. 2021 58 13 23 48 13 23 4.3% 10.00 [2.49, 17.51) —
Sayed et al. 2019 60.49 3.55 12 28.95 2.28 12 44% 31.54(29.15,33.93) -
Stumbras et al. 2020 75.5 16.3 10 46.4 15.2 10 40% 29.10([15.29,42.91) g
Subtotal (HKSJ3) 131 131 343%  16.28[7.53, 25.03] &

Test for overall effect: T = 4.40, df = 7 (P = 0.003)
Heterogeneity: Tau* (DLP) = 191.22; Chi* = 201.84, df = 7 (P < 0.00001); I* = 97%

1.2.2 Xenograft Alone

Barone etal. 2017 391 19.86 60 44 147 30 43%  -4.90[-12.17,237) !
Lim et al. 2019 132 739 10 2516 1846 8 40% -13.84(-27.43,-025) —
Machtel et al. 2019 225 2472 1n 8172 43 M 40% -59.22(-74.05,-44.39) ——

Subtotal (HKSJ2) 81 49 12.3% -25.52[-97.60,46.56] o R———

Test for overall effect: T = 1.52, df = 2 (P = 0.27)
Heterogeneity: Tau? (DLP) = 698.53; Chi* = 41.60, df = 2 (P < 0.00001); I* = 95%

1.2.3 Xenograft + Collagen

Ben Amara et al. 2021 3087 17.27 13 5394 1652 16 4.1% -23.07[-35.47,-10.67] -
Cardaropoli et al.2012 2634  16.91 24 4382 1223 0 Not estimable

Gabay et al. 2022 3379  17.37 14 5114 2304 14 40% -17.35(-3246,-2.24] —_
Lim et al. 2019 16.92  14.86 11 2516 1845 8 39%  -824[-2375,7.27) —
MacBeth et al. 2024 27162 17.76 14 4587 1148 14 42% -18.25(-29.33,-7.17) ——
Stumbras et al. 2020 203 219 10 464 152 10 39% -26.10(-42.62,-9.58] —
Zampara et al. 2022 172 128 8 57 128 8 4.1% -39.80(-52.34 ,-27.26) —
Subtotal (HKSJ3) 9% 70 24.2% -22.47[-33.59, -11.34] S

Test for overall effect: T = 5.19, df = 5 (P = 0.003)
Heterogeneity: Tau® (DLP) = 64.50; Chi? = 11.74, df = 5 (P = 0.04); I = 57%

1.2.4 Allograft

Brownfield &amp; Weltman 2012 374 10.3 10 35.57 175 10 4.1% 1.83[-10.76 , 14.42) -
lasella et al. 2003 28 14 12 54 12 12 4.2% -26.00 [-36.43 , -15.57) —
Stumbras et al. 2020 72 86 10 464 15.2 10 4.2% -39.20 [-50.02 , -28.38) —
Zampara et al. 2022 56 128 8 57 128 8 4.1% -1.00[-13.54 , 11.54) -1
Subtotal (HKSJ2) 40 40 16.6% -16.33 [-47.90, 15.24] g

Test for overall effect: T = 1.65, df = 3 (P = 0.20)
Heterogeneity: Tau? (DL) = 352.03; Chi* = 33.53, df = 3 (P < 0.00001); ¥ = 91%

1.2.5 Alloplast

Bonta et al. 2022 3237 9m 7 3502 997 7 42%  -2.65[-12.65,7.35) -
Machtei et al. 2019 4415 188 1 8172 43 M 42% -37.57[-48.97 ,-26.17) —
Mayer et al. 2016 477 106 14 526 116 15  43%  -4.90[-12.98,3.18] —
Subtotal (HKSJa) 32 33 12.6% -14.76 [-62.97 , 33.45) i

Test for overall effect: T = 1.32,df = 2 (P = 0.32)
Heterogeneity: Tau® (DLP) = 292.14; Chi* = 25.65, df = 2 (P < 0.00001); I* = 92%

Total (HKSJ2) 378 323 100.0%  -7.48[-17.23,2.27] ﬂ

Test for overall effect: T = 1.59, df = 23 (P =0.13) -100 50 0 50 100
Test for subgroup differences: Chi* = 52.07, df = 4 (P < 0.00001), I* = 92.3% Favours [experimental) Favours [control)
Heterogeneity: Tau® (DLP) = 508.26; Chi* = 834.60, df = 23 (P < 0.00001); I* = 97%

Footnotes
acl by Hartung-Knapp-Sidik method.
bTau? calculated by DerSimonian and Laird method.

Figure 3. Forest plot displaying subgroup analyses of mean differences in new bone formation (%)
between socket preservation and spontaneous healing, stratified by the type of grafting material used.
Categories include autologous growth factors (e.g., PRE, PRP), xenografts with or without collagen
membranes, allografts, and alloplasts [17,19-24,26-38].

A formal test for subgroup differences was statistically significant (Chi?> = 52.07,
df = 4; p < 0.00001; I? = 92.3%), indicating that graft material substantially influenced
histological outcomes.

Following exclusion of studies judged to be at high risk of bias, results for autologous
growth factors and xenografts combined with collagen membranes remained statistically sig-
nificant. Autologous growth factors exhibited a mean difference of +16.28% (95% CI: 7.53% to
25.03%; p < 0.0001) with reduced heterogeneity (I = 65%), and xenografts with membranes
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showed a mean difference of —22.47%% (95% CI: —33.59%% to —11.34%%,; p = 0.04) with
moderate heterogeneity (12 = 57%).

In contrast, results for xenografts without membranes, allografts, and alloplasts remained
non-significant after excluding high-risk studies, although heterogeneity generally decreased.

3.4.3. Subgroup Analysis by Healing Duration

A subgroup analysis based on healing duration was conducted, categorizing studies
into short-term healing (<3 months) and long-term healing (>3 months) groups. The
pooled mean difference in the short-term healing subgroup was + 6.53% (95% CI: —1.57%%
to 14.64%; p = 0.11), with substantial heterogeneity (I> = 87%). The mean difference in the
long-term healing subgroup was —10.55% (95% CI: —20.27% to —0.83%%; p = 0.03), again
accompanied by extremely high heterogeneity (I? = 98%).

After sensitivity analyses excluding outliers, heterogeneity among short-term studies
decreased to I? = 0%, and a consistent but non-significant result favoring socket preservation
persisted. Conversely, in the long-term healing group, a statistically significant benefit
favoring socket preservation emerged (mean difference = —16.30%; 95% CI: —21.61% to
—10.98%; p < 0.00001), with moderate residual heterogeneity (I> = 51%). A forest plot
stratifying results by healing duration is presented in Figure 4.

Socket Preservation Control Mean difference Mean difference
Study or Subgroup Mean SD Total Mean sD Total Weight IV, Random, 95% CI IV, Random, 95% CI

1.3.1 Short Term Healing (<3 Months)

Areewong et al. 2019 31.33 18 18 2633 19.63 18 44%  5.00([-7.30,17.30] 41—
Barone etal. 2017 391 19.86 60 44 147 30  47%  -4.90[-12.17,2.37) —
Canellas et al. 2020 5596  11.97 24 3969 1113 24 47%  16.27[9.73,22.81] -
Dhamija et al. 2020 5732  19.94 15 5305 15.43 15  43%  4.27[-8.49,17.03] 4
Fontes et al. 2021 5945 566 10 406 598 5  47% 18.85[12.54, 25.16] -
Hauser et al. 2013 239 5.9 15 249 37 8 48% -1.00 [-4.94 , 2.94] 4
Subtotal (Walda) 142 100 27.6%  6.53[1.57,14.64] ®

Test for overall effect: Z = 1.58 (P = 0.11)
Heterogeneity: Tau? (REMLD) = 84.42; Chi? = 45.96, df = 5 (P < 0.00001); I* = 87%

1.3.2 Long Term Healing (>3 Months)

Bakhshalian et al. 2018 4167 738 25 7247 78 12 4.8% -30.80 [-36.08 , -25.52] -

Ben Amara et al. 2021 3087 17.27 18 5394 16.52 16 4.4% -23.07 [-34.44 ,-11.70] —
Bonta et al. 2022 3979 915 14 3562 997 7 46%  4.17[4.63,12.97] 1
Brownfield &amp; Weltman 2012 374  15.14 10 355 9.1 10  44%  1.90[-9.05, 12.85] -
Cardaropoli et al.2012 2634  16.91 24 4382 12.23 24  46% -17.48([-25.83,-9.13] —
Gabay et al. 2022 3379  17.37 14 5114 23.04 14 4.1% -17.35[-32.46 ,-2.24] —
lasella et al. 2003 28 14 12 54 14 12 4.4% -26.00 [-37.20 , -14.80] —
Ivanova et al. 2021 6204 234 60 39.04 10.89 30 4.8% 23.00[19.06,26.94] -
Lim et al. 2019 1412 528 21 2516 1845 8  43% -11.04[-24.02, 1.94] —

Ma et al. 2021 58 13 23 48 23 8 40%  10.00 [-6.80, 26.80] t—
MacBeth et al. 2024 2487 15.06 28 4589 1148 14 4.6% -21.02[-29.22,-12.82) —
Machtei et al. 2019 3333 4.19 22 8172 43 11 4.8% -48.39 [-51.48 , -45.30] -

Mayer et al. 2016 477 106 14 526 116 15  46%  -4.90[-12.98,3.18] —
Sayed et al. 2019 5109  1.04 24 2895 228 12 49% 22.14[20.78 , 23.50]

Stumbras et al. 2020 3433 668 30 464 152 10  45% -12.07[-21.79,-2.35] —
Zampara et al. 2022 396 128 24 57 12.8 8 45% -17.40([-27.64,-7.16] —
Subtotal (Walda) 363 211 72.4% -10.55[-20.27 , -0.83] s

Test for overall effect: Z = 2.13 (P = 0.03)
Heterogeneity: Tau? (REMLD) = 368.53; Chi? = 2179.07, df = 15 (P < 0.00001); I* = 98%

Total (Walda) 505 311 100.0%  -5.86 [-13.84, 2.11] 1
Test for overall effect: Z = 1.4 (P = 0.15) 100 =0 0 50 100
Test for subgroup differences: Chi? = 7.00, df = 1 (P = 0.008), I* = 85.7% Favours [Socket Preservation] Favours [control]

Heterogeneity: Tau? (REMLD) = 340.83; Chi? = 2226.41, df = 21 (P < 0.00001); I* = 98%

Footnotes
aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method.

Figure 4. Forest plot illustrating subgroup analyses of mean differences in new bone formation (%)
between socket preservation and spontaneous healing, categorized by healing duration. Studies were
grouped into short-term healing (<3 months) and long-term healing (>3 months) [17-38].
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3.4.4. Assessment of Publication Bias

Publication bias was evaluated through both visual and statistical approaches. Funnel
plot inspection revealed a reasonably symmetrical distribution of effect sizes around the
pooled mean, with no clear evidence of small-study effects. To statistically confirm this
observation, Egger’s regression test was conducted. The intercept was not significantly
different from zero (p = 0.576), indicating that the magnitude of the treatment effect was not
associated with study precision. Therefore, there is no statistical evidence of publication
bias affecting the analysis of new bone formation.

The lack of funnel plot asymmetry and a non-significant Egger’s test suggest that the
meta-analysis is not substantially influenced by selective reporting of favorable results,
strengthening the reliability of the overall conclusions.

3.4.5. Meta-Regression Analysis

A weighted meta-regression was conducted to evaluate whether two prespecified
clinical moderators—membrane application (binary: yes/no) and healing duration (contin-
uous, in months)—could explain heterogeneity in the reported mean differences in new
bone formation.

The model did not reach statistical significance (F(2, 18) = 0.56; p = 0.583) and exhibited
a low explanatory power (R?> = 5.8%). Individual regression coefficients showed the
following patterns:

Membrane application positively affected new bone formation ( = +15.37%), suggest-
ing that barrier use might enhance graft stabilization and bone regeneration. However,
this trend did not reach statistical significance (p = 0.489), and the 95% confidence interval
crossed zero.

Healing duration was negatively associated with new bone formation (8 = —5.51%
per month; p = 0.332), implying that longer healing times may lead to remodeling or
resorption dynamics that reduce measurable new bone percentage. Again, this trend was
not statistically significant.

Although the meta-regression did not reach statistical significance (p = 0.583), this is
likely due to the dominant influence of graft material type, which may have overshadowed
the smaller effects of healing duration and membrane application. The variability in
biomaterial behavior—particularly between slow- and fast-resorbing grafts—may explain
why these secondary moderators failed to demonstrate independent significance.

3.5. Residual Graft Material
3.5.1. Meta-Analysis of Residual Graft Percentages

A total of 17 study arms from randomized controlled trials (RCTs) reported quanti-
tative histomorphometric data on residual graft material following alveolar ridge preser-
vation (ARP) procedures (Table 4). These study arms—some of which originate from
multi-arm RCTs—differ in graft material type and membrane application but all provided
relevant mean values and standard deviations. The pooled mean residual graft content
was 20.49% (95% confidence interval [CI]: 16.78% to 24.20%), reflecting the average pro-
portion of the post-extraction socket area occupied by remaining biomaterial at the time of
biopsy. The corresponding 95% prediction interval ranged widely from 6.58% to 34.40%,
indicating that in future settings, residual graft content could fall anywhere within this
range depending on patient- and protocol-specific factors.

Statistical heterogeneity was substantial (I2 = 88.99%, T2 = 46.78, T = 6.84), supporting the
use of a random-effects model. Residual heterogeneity remained significant (Q(12) = 109.01,
p < 0.001). A forest plot summarizing the residual material values by study is shown in
Figure 5.
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Table 4. Residual graft material across included study arms [19,21,24,25,27,29,31,33-35,37,38].

Residual Graft Samole Size
Category Study (Author, Year) Graft Material Membrane Healing (%) < br > P
(n)
(Mean + SD)
Xenograft + Barone, 2017 [19] Porcine xenograft Yes Open 15.2% £ 7.87% 30
Membrane
Cardaropoli, 2012 [24] DBBM-C Yes Open 18.46 + 11.18% 24
Gabay, 2022 [27] DBBM-C Yes Open 12.9% + 9.88% 14
Lim, 2019 (Test 1) [31] DBBM-C + NBCM Yes Open 11.23% =+ 7.64% 11
MacBeth, 2024 [33] DBBM-C Yes Open 22.7% + 7.9% 30
Zampara, 2022 o o
(Xenograft arm) [38] DBBM Yes Open 22.2% + 7.7% 8
Xenograft without . o o
Lim, 2019 (Test 2) [31] DBBM-C No Open 16.96% + 8.93% 10
Membrane
Machtei, 2019 (BDX Bio-Oss No Open 40.18% + 17.2% 1
group) [33]
Stumbras, 2019
(BBM/CM group) BBM + Collagen No (exposed) Open 45.0% % 19.0% 10
[37] membrane
Allograft + Tasella, 2003 [29] FDBA Yes Open 37% + 18% 12
Membrane
Stumbras, 2019
(FDBA/CM group) [ DA + Collagen Yes Open 38.5% + 26.4% 10
[37] membrane
Zampara, 2022 Human cancellous o o
(Allograft arm) [38] allograft Yes Open 4.5% £ 7.7% 8
Allograft without Dhamija, 2020 [25] DFDBA + PRF No Primary closure 1.5% (SD 15
Membrane not reported)
Alloplast + Zampara, 2022 Alloplast o o
Membrane (Alloplast arm) [38] (Bondbone) Yes Open 6.2% £7.7% 8
Alloplast without Bontd, 2022 (BC o o
Membrane eroup) [21] Alloplast No Open 11.61% + 13.75% 7
Bontd, 2022 (BC + o o
EMD group) [21] Alloplast + EMD No Open 18.12% £ 7.42% 7
Machtei, 2019 o o
(BCS/HA group) [34] BCS/HA No Open 16.51% + 16.2% 11
Mayer, 2016 [35] Alloplast No Open 28.1% +10.2% 14
Method Study
Xenograft without Membrane Lim, 2019 (Test 2) e fl———
Xenograft without Membrane Machtei, 2019 (BDX group) e ———————— ] ——————
Xenograft without Membrane Stumbras, 2019 (BBM/CM group) | ——eaERe— L
Xenograft + Membrane Barone, 2017 . =
Xenograft + Membrane Gabay, 2022 =l eEEe——
Xenograft + Membrane Lim, 2019 (Test 1) i ==
Xenograft + Membrane MacBeth, 2024 e
Xenograft + Membrane Zampara, 2022 (Xenograft arm) = ———
Xenograft + Membrane Cardaropoli 2012 Jp——
Alloplast without Membrane  Bont4, 2022 (BC group) —
Alloplast without Membrane Bonta, 2022 (BG+EMD group) e ——
Alloplast without Membrane Machtei, 2019 (BCS/HA group) ——e— e
Alloplast without Membrane  Mayer, 2016 —— s —
Alloplast + Membrane Zampara, 2022 (Alloplast arm) —a—
Allograft + Membrane lasella, 2003 ——————
Allograft + Membrane Stumbras, 2019 (FDBA/CM group) e e —
Allograft + Membrane Zampara, 2022 (Allograft arm) —r—

-20

o

40

Effect Size

60

Figure 5. Forest plot of residual graft material (%) including pooled mean estimate (20.49%, 95% CI
16.78-24.20%) and heterogeneity metrics (12 = 88.99%, 12 = 46.78, T = 6.84) [19,21,24,27,29,31,33-35,37,38].
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3.5.2. Subgroup and Meta-Regression Analysis

A meta-regression analysis was conducted with graft material category (xenograft,
allograft, alloplast) and membrane application (yes/no) as moderators to explore sources
of heterogeneity. The omnibus test approached statistical significance (Qm(4) = 11.04,
p = 0.026), suggesting a potential but inconclusive contribution of these moderators to the
observed variability.

Although none of the individual moderator coefficients reached statistical significance
(all p > 0.05), clinically meaningful trends were observed:

Alloplasts with membrane were associated with the lowest residual material levels
(B = —16.34%, 95% CI: —33.74% to 1.06%; p = 0.066), indicating enhanced biomaterial turnover.

Xenografts without membrane showed higher residual content (3 = +9.31%, 95% CL
—4.19% to 22.80%; p = 0.177), consistent with their well-documented slow resorption profile.

Xenografts with membrane showed a modest reduction (3 = —5.55%, 95% CI: —16.83%
to 5.73%; p = 0.335), possibly due to improved containment and integration.

Allograft + Membrane was used as the reference category (3 = 22.54%, 95% CI: 12.81%
to 32.27%; p < 0.001), while Alloplast without Membrane demonstrated a small, non-
significant decrease (3 = —3.28%, 95% CI: —15.70% to 9.14%; p = 0.604)

The proportion of between-study variance explained by these moderators (pseudo-
R? a2 5.4%) suggests that graft type and membrane usage account for a small but meaningful
portion of the heterogeneity. Other likely contributing factors include biopsy timing, socket
morphology, flap design, and inter-patient variability.

3.5.3. Sensitivity Analyses and Influential Studies

Influence diagnostics, including DFFITS and Cook’s Distance, identified several
studies with potential outlier behavior—most notably Lim et al., 2019 (Test 2) and
Zampara et al., 2022 (allograft arm) [31,38]. Upon exclusion of these studies in a sen-
sitivity analysis, model direction and magnitude remained largely unchanged, indicating
that the observed patterns were robust to the influence of outliers.

These findings support the hypothesis that xenografts, especially when used without
membrane, are associated with higher persistence of residual material within the socket.
This is consistent with their slow resorption kinetics and common histological profiles. In
contrast, synthetic alloplasts exhibit lower residual volumes, particularly when combined
with membranes, suggesting a more rapid turnover and replacement by vital bone. Al-
though these trends did not achieve statistical significance, they are clinically relevant and
consistent with the biological behavior of the materials. High residual heterogeneity under-
scores the need for standardized histological protocols and longer follow-up durations in
future trials. This finding indicates that healing time may partly influence the histological
outcomes, although high residual heterogeneity persists within both subgroups.

3.6. GRADE Assessment: Certainty of Evidence for New Bone Formation

The certainty of evidence for the overall effect of socket preservation on new bone
formation was assessed using the GRADE (Grading of Recommendations Assessment,
Development, and Evaluation) framework. The evaluation considered methodological
quality, consistency of results, directness of evidence, precision of effect estimates, and
potential publication bias.

Based on this structured appraisal, the certainty of evidence was rated as moderate.
This rating reflects downgrading due to serious risk of bias and inconsistency, despite
no concerns for indirectness or publication bias, and only moderate concerns regarding
precision. The results are summarized in Table 5.
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Table 5. GRADE summary of findings—new bone formation.

Grade Domain

Judgment Explanation

Risk of bias
Inconsistency
Indirectness
Imprecision

Publication bias

Several RCTs had high or unclear risk in randomization, allocation

@0 O Serious Concealment,zor assessor blinding.

0000 Serious Very high heterogenill’% ;OE;EZZI;ZESS studies, even after
0000 Non: D ormation fllowing ARP va. spontancous hdling.
0000 Moderate Confidence intervals crosselzi It\l;?i?:rlllda;lcc)l eirfllectilded both clinically relevant

0000 None Egger’s test (p = 0.576) and funnel plot inspection did not suggest

reporting bias.

4. Discussion

The present systematic review and meta-analysis investigated the histological out-
comes of alveolar ridge preservation (ARP) compared to spontaneous healing following
tooth extraction. The primary outcome was new bone formation, while secondary out-
comes included residual graft material and connective tissue content. Although ARP has
become a widely adopted procedure in implant dentistry to limit post-extraction dimen-
sional changes, its histological efficacy remains a subject of ongoing debate. This study,
synthesizing data from 22 randomized controlled trials, aimed to provide clarity regarding
the regenerative potential of various ARP strategies.

4.1. Summary of Principal Findings

The meta-analysis found no statistically significant overall difference in new bone
formation between ARP and spontaneous healing. The pooled mean difference was —5.86%
(95% CI: —13.84% to 2.11%, p = 0.15), favoring spontaneous healing, albeit not significantly.
This observation aligns with findings from Adams et al. (2022), who reported that many
bone substitute materials, particularly xenografts, may delay the healing process and yield
lower proportions of newly formed bone compared to unassisted healing [40]. They further
argued that no grafting material has shown superior histological bone formation compared
to extraction alone in high-quality trials.

Despite the lack of an overall benefit, subgroup analyses demonstrated that autologous
platelet concentrates (e.g., platelet-rich fibrin [PRF] or concentrated growth factors [CGFs])
significantly improved new bone formation relative to controls (mean difference = + 16.28%,
95% CI: 7.53% to 25.03%; p < 0.0001). This finding is consistent with clinical trials and reviews
that highlight the regenerative potential of autologous biologics in promoting angiogenesis
and osteoblastic activity through the sustained release of growth factors [40]. In contrast,
xenografts without membrane coverage did not yield significant improvements, whereas
xenografts combined with collagen membranes were associated with significantly higher
new bone formation (mean difference = —22.47%, 95% CI: —33.59% to —11.34%; p = 0.04),
corroborating earlier systematic reviews by Canullo et al. (2022) and Avila-Ortiz et al. [9,15].

Importantly, studies that employed slow-resorbing xenografts or alloplasts frequently
demonstrated substantial amounts of residual graft material, with pooled mean resid-
ual contents around 20.49%. These outcomes highlight the biological trade-off between
dimensional stability and bone turnover, as persistent biomaterial may maintain ridge
volume but limit the proportion of vital bone. Histomorphometric studies, such as those by
Mardas et al. (2023) and Machtei et al. (2019), have previously noted that slow-resorbing
biomaterials like deproteinized bovine bone mineral (DBBM) may persist within the socket
and reduce the proportion of vital bone even after several months of healing [10,34]. This
raises concerns about potential implications for future implant osseointegration.
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Furthermore, evidence from animal and human models has suggested that the natural
healing of extraction sockets—when uninterrupted by foreign graft material—can result in
substantial spontaneous bone regeneration [41]. Their cross-sectional clinical data showed
that non-grafted sockets consistently achieved adequate bucco-lingual bone width for
implant placement, even in the presence of minor dehiscence, challenging the necessity of
routine grafting. Similarly, Ram et al. (2023) demonstrated comparable histological and
molecular bone remodeling responses in grafted versus non-grafted extraction sockets,
emphasizing the inherent osteogenic capacity of the alveolus [42].

Taken together, the current findings suggest that while ARP can provide structural
benefits and enhance soft tissue contour, its superiority in terms of vital bone formation is not
universal and appears highly dependent on material type, membrane use, and healing time.

4.2. Biological and Clinical Interpretation
4.2.1. New Bone Formation

Paradoxically, several histological studies report that spontaneous healing may result
in equal or even superior percentages of vital bone compared to socket preservation using
xenografts. For instance, Katorza et al. (2022) reported 51.1% = 23.0% new bone in naturally
healed sockets versus 33.8% % 17.4% in DBBM-C-treated sites, despite better volumetric
maintenance in the latter [43]. This paradox reflects the distinction between radiographic
bone fill and histological bone quality. Although biomaterial-filled sockets may appear denser
in radiographic imaging, histological sections often reveal that a substantial proportion of
the radiopacity is due to residual graft particles rather than newly formed bone [27].

This discrepancy underscores the importance of differentiating between structural
volume and true osseous regeneration. DBBM, a slowly resorbing xenograft, tends to persist
long-term, acting more as a scaffold than a source of vital bone, which may compromise
early bone remodeling dynamics [27,44]. Natural healing, in contrast, leverages the body’s
intrinsic remodeling potential to produce a higher fraction of vital bone in the early months
post-extraction.

The role of autologous platelet concentrates such as platelet-rich fibrin (PRF) and
concentrated growth factors (CGFs) further illustrates this principle. These materials
stimulate osteogenesis through a fibrin matrix rich in cytokines and growth factors like
TGF- and PDGE, which promote early angiogenesis and recruitment of osteoprogenitor
cells [45,46]. In the studies using PREF, healing times as short as 4-8 weeks already yielded
enhanced tissue maturation compared to controls.

4.2.2. Residual Graft Material

Residual graft presence is directly related to material composition and resorption kinetics.

Studies consistently show that DBBM demonstrates high persistence rates, with resid-
ual particle percentages commonly between 15% and 19.3% after 6-9 months. This finding
aligns with our subgroup data (Table 4), where xenografts—particularly those used without
membranes—tended to yield lower proportions of vital bone compared to natural healing
(MD = —25.52, 95%CI —97.60 to 46.45; p = 0.27), consistent with their slow resorption
profile and long-term material persistence. This pattern supports the interpretation that
xenografts primarily act as space-maintaining scaffolds rather than active osteoconductive
matrices [27,43]. This contrasts sharply with natural healing, where no exogenous material
remains, and all bone observed is vital.

Alloplastic materials such as 3-TCP or biphasic calcium phosphate demonstrate more
variable resorption. In some cases, these materials support faster turnover but may also
provoke inconsistent remodeling outcomes depending on particle size and porosity [47].
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Clinically, while residual DBBM does not appear to negatively affect implant primary
stability its presence can complicate future re-entry surgeries and may limit complete
osseointegration at the graft-host interface [39,43,48]. Therefore, the choice of grafting
material must weigh volumetric stability against long-term remodeling efficiency.

4.2.3. Membrane Use

The addition of membranes—particularly in xenograft-based preservation—was asso-
ciated with slightly more favorable and consistent histological outcomes (MD = —22.47,
95% [—33.59, —11.34], p = 0.003; I? = 57%). In the study by Gabay et al. (2022), DBBM-C
combined with collagen membrane (CMXS) resulted in stabilized clot architecture and
reduced soft tissue ingrowth, facilitating favorable histological conditions despite lower
new bone percentages than spontaneous healing [27]. These findings align with other
reports showing that membranes can enhance soft tissue healing and potentially increase
the proportion of keratinized tissue [49,50].

Zhao et al. (2020) also concluded that the choice of membrane (collagen vs. PTFE)
had no statistically significant impact on bone regeneration outcomes, suggesting that
the biological advantage of membranes may be more pronounced in tissue handling and
clinical management than in the final percentage of new bone [44].

4.2.4. Healing Time

Healing duration plays a pivotal role in the interpretation of histological findings.
Short-term biopsies (e.g., 34 months) may capture early scaffold incorporation but un-
derestimate later remodeling. Studies included in this review indicate a trend toward
increased new bone formation percentages with longer healing periods (over 3 months)
compard to short term (MD = —10.55, 95% CI [—20.27, —0.83], p = 0.03). This observation
indicates that true osseous remodeling may become more apparent after prolonged healing
periods, while short-term biopsies could primarily reflect residual graft material and thus
underestimate the extent of mature bone [43,44]. Histological biopsy remains the gold
standard for assessing true osteogenesis. This raises a clinical caution: radiographic bone
gain does not necessarily equate to functional bone maturity, especially in grafted sites.
The delayed emergence of statistically significant benefits beyond three months likely
reflects the integration kinetics of slow-resorbing materials such as DBBM. Early healing
phases are dominated by scaffold incorporation, whereas true bone remodeling and mineral
maturation become evident only after 4-6 months.

4.3. Comparison to Previous Literature

The findings of this meta-analysis are consistent with those of Avila-Ortiz et al. (2019)
and Vignoletti et al. (2012), who demonstrated that alveolar ridge preservation (ARP)
reduces dimensional changes compared to unassisted healing. However, this review goes
further by focusing exclusively on randomized controlled trials (RCTs) with histological
endpoints, thereby enhancing the level of evidence and minimizing [8,15].

Unlike previous meta-analyses, which often pooled heterogeneous study designs or
relied on radiographic surrogate endpoints, this study distinguishes between volumetric
preservation and biological bone regeneration. Meta-regression and subgroup analyses
further allowed for quantification of the effects of graft type, membrane use, and healing
duration on the histological composition of the regenerated tissue.

Overall, while ARP—particularly when using xenografts with or without collagen
membranes—appears to preserve ridge dimensions radiographically, the pooled histologi-
cal analysis did not demonstrate a statistically significant advantage in new bone formation
over spontaneous healing (MD = —5.86, 95% CI [ —13.84, 2.11], p = 0.15). These results sug-
gest that radiographic stability does not necessarily translate into histological superiority.
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This distinction is crucial when planning for implant placement, particularly in esthetic
zones, where soft tissue integration and osseointegration are equally critical.

4.4. Methodological Strengths

This systematic review and meta-analysis adhered strictly to the PRISMA 2020 guide-
lines, ensuring transparency in reporting and methodological rigor. The protocol was
prospectively registered in the PROSPERO database (CRD420251019531), predefining ob-
jectives, eligibility criteria, and outcomes. Only randomized controlled trials (RCTs) were
included, minimizing selection bias and enhancing the reliability of the synthesized esti-
mates. A comprehensive range of statistical procedures—including subgroup analyses by
graft type and healing time, sensitivity analyses excluding high-risk studies, and random-
effects meta-regression—allowed for exploration of potential sources of heterogeneity.
Moreover, the certainty of evidence for each outcome was evaluated using the GRADE
framework, offering a structured appraisal of confidence in effect estimates based on risk
of bias, inconsistency, indirectness, imprecision, and publication bias.

4.5. Limitations

Despite the strengths of this analysis, several limitations must be acknowledged. First,
high statistical heterogeneity persisted across most outcomes, even after stratification and
sensitivity testing. This heterogeneity likely stems from biological and methodological vari-
ability among studies, including differences in biopsy timing (ranging from 2 to 9 months),
sampling location (central vs. marginal socket areas), and histological processing
(e.g., undecalcified vs. decalcified sections; staining methods such as toluidine blue, H&E, or
trichrome). This high degree of heterogeneity underscores the urgent need for methodological
standardization. Future studies should clearly specify biopsy sites (central vs. marginal),
unify staining protocols, and consistently report bone density or mineralization indices
to distinguish immature from mature bone tissue. Furthermore, reporting standards
varied widely, with some trials omitting key parameters such as residual graft percent-
age or graft material density. Although only RCTs were included, not all demonstrated
low risk of bias; approximately one-third of included studies were rated as having some
concerns or high risk of bias due to unclear randomization procedures, missing data, or non-
blinded outcome assessments. Lastly, most studies had relatively short follow-up durations
(£6 months), limiting conclusions regarding the long-term biological fate of grafted ma-
terials and their integration. Given the very high heterogeneity (I2 = 98%) in the overall
meta-analysis, the pooled estimate should be interpreted with caution. Greater weight
should be placed on subgroup analyses stratified by graft material, where more clinically
meaningful and statistically reliable trends were observed.

4.6. Clinical Implications

Subgroup analyses indicated that histological outcomes were primarily driven by the
biological nature of the material—its resorption rate and osteoinductive capacity—rather
than by procedural variables. This suggests that material-related factors, including re-
sorption kinetics and biological activity, overshadowed procedural variables in explaining
between-study variance.

Moreover, the trend toward improved outcomes at longer healing times, reaching
statistical significance only after sensitivity analysis, may reflect the gradual integration of
slowly resorbing biomaterials such as xenografts. While these materials provide mechanical
stability and space maintenance, their limited early resorption may delay full osseous
substitution. Consequently, early histological samples (<3 months) may underestimate the
eventual regenerative potential of such biomaterials.
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From a clinical standpoint, these results underscore the importance of tailoring graft
selection to individual patient needs. In cases where ridge contour maintenance and esthetic
outcomes are prioritized, the use of slower-resorbing xenografts may still be acceptable—even
if histologically they exhibit lower proportions of vital bone—since they maintain volume and
support implant placement with predictable stability. Conversely, autologous concentrates like
PRF or CGF may be preferable when faster osseointegration and reduced residual material are
desired. Economic and patient-related factors, including cost, morbidity, and postoperative
comfort, should also guide decision-making. Ultimately, histological performance must be
weighed against overall clinical efficiency, esthetic demands, and long-term implant success.

4.7. Recommendations for Future Research

Future studies should adopt standardized histological protocols with consistent tim-
ing of biopsies (e.g., 3, 6, and 9 months), unified staining techniques, and calibrated
histomorphometric measurements. Large-scale, multicenter RCTs with extended follow-up
(=12 months) are needed to evaluate long-term implant success, osseointegration, and
the remodeling dynamics of different grafting materials. Comparative trials between
autologous biologics and conventional grafts will be particularly valuable in elucidat-
ing the relative merits of bioactive versus passive scaffolds. Moreover, future research
should integrate cost-effectiveness analyses and patient-reported outcomes—including
pain, morbidity, and esthetic satisfaction—to inform treatment selection beyond histological
endpoints.

5. Conclusions

In conclusion, while socket preservation strategies are effective in maintaining alveolar
ridge dimensions and may benefit future implant placement, their histological superiority
over spontaneous healing remains inconsistent and material-dependent. Radiographic or
volumetric gains do not necessarily correlate with increased vital bone content. The inte-
gration of biologically active and resorbable materials, such as PRF and collagen matrices,
combined with proper soft tissue management (e.g., membrane use), appears to offer the
most favorable regenerative profile. These insights underscore the need for individualized
treatment planning grounded in both clinical outcomes and biological integration. Despite
its well-documented benefit in preserving alveolar dimensions, ARP may not necessarily
enhance vital bone formation compared to spontaneous healing. This paradox underscores
the biological trade-off between structural stability and true histological regeneration.

6. Registration and Protocol

This systematic review was prospectively registered in the International Prospective Reg-
ister of Systematic Reviews (PROSPERO) under the registration number CRD420251019531.
The full review protocol, including the PICOS framework and prespecified analysis plan, is
publicly accessible via the PROSPERO registry at: https://www.crd.york.ac.uk/prospero/
display_record.php?ID=CRD420251019531. Date of registration in PROSPERO: 26 March 2025.
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Appendix A. Detailed Search Strategies

Table Al. Search Strategy for the Systematic Review.

Database

Date Searched Search Terms Filters Applied

PubMed/MEDLINE

EMBASE (Elsevier)

Scopus

Web of Science

Cochrane CENTRAL

Manual Search

(“Tooth Extraction” [Mesh] OR “tooth extraction”) AND (“Alveolar
Ridge Preservation” [Mesh] OR “socket preservation” OR “ridge
preservation”) AND (“Bone Substitutes” [Mesh] OR “bone graft” OR
“xenograft” OR “allograft” OR “synthetic bone substitute” OR
15 April 2025 “alloplast” OR “DBBM” OR “PRF” OR “CGF”) AND (“Histological
Techniques” [Mesh] OR “histological analysis” OR
“histomorphometric” OR “new bone formation”) AND (“Randomized
Controlled Trial” [Publication Type] OR “randomized controlled trial”
OR “RCT”)
(‘tooth extraction’/exp OR ‘“tooth extraction’:ti,ab) AND (‘socket
preservation’/exp OR ‘ridge preservation’:ti,ab OR “extraction
socket’:ti,ab) AND (‘bone graft’/exp OR ‘xenograft’:ti,ab OR
15 April 2025 “allograft:ti,ab OR ‘synthetic bone substitute”:ti,ab OR ‘alloplast”:ti,ab Humans; English; RCT
OR “dbbm’:ti,ab OR “prf”:ti,ab OR ‘cgf’:ti,ab) AND (‘histology’/exp OR
‘histological analysis’:ti,ab OR ‘histomorphometric’:ti,ab OR ‘new bone
formation’:ti,ab) AND (‘randomized controlled trial’/exp OR ‘rct’:ti,ab)
TITLE-ABS-KEY (“tooth extraction” OR “socket preservation” OR
“alveolar ridge preservation” OR “extraction socket”) AND
TITLE-ABS-KEY(“bone graft” OR “xenograft” OR “allograft” OR
15 April 2025 “synthetic bone substitute” OR “alloplast” OR “DBBM” OR “PRF” OR  English; Article; Humans
“CGF”) AND TITLE-ABS-KEY (“histological analysis” OR
“histomorphometric” OR “new bone formation”) AND
TITLE-ABS-KEY(“randomized controlled trial” OR “RCT”)
TS = (“tooth extraction” OR “socket preservation” OR “ridge
preservation” OR “extraction socket”) AND TS = (“bone graft” OR
“xenograft” OR “allograft” OR “synthetic bone substitute” OR Language: English;
“alloplast” OR “DBBM” OR “PRF” OR “CGF”) AND TS = (“histological =~ Document type: Article
analysis” OR “histomorphometric” OR “new bone formation”) AND
TS = (“randomized controlled trial” OR “RCT”)
(“tooth extraction” OR “socket preservation”) AND (“bone graft” OR
“xenograft” OR “allograft” OR “synthetic bone” OR “DBBM” OR “PRF”
OR “CGF”) AND (“histological” OR “histomorphometric” OR “new
bone formation”) AND (“randomized controlled trial” OR “RCT”)
Reference lists of included articles and relevant systematic reviews
were screened

Humans; English;
Article type: RCT

15 April 2025

15 April 2025 Trials only

15 April 2025 Not applicable
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