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the efficacy of these agents remains debated, 
necessitating a systematic evaluation.
Dental implants require sufficient bone volume 
and density for stability, but bone loss due to 
periodontal disease, trauma, or atrophy often 
complicates implant placement [3]. Autografts 
remain the gold standard for bone augmentation 
but have limitations, including donor site 
morbidity [4]. As alternatives, BGS such as 
recombinant human BMP-2 (rhBMP-2) and 
enamel matrix derivatives (EMD) have been 
explored to stimulate osteogenesis [5].
Several studies reported improved bone 
density and faster healing with BGS [6], while 
others suggested minimal benefits or potential 
complications, such as excessive bone resorption 
[7]. Study design, patient demographics, and 
application protocol variations contribute to 
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Bone growth stimulants (BGS) are increasingly 
used to enhance osseointegration in dental 
implants, but their efficacy remains debated. 
This meta-analysis evaluates the impact of 
BGS on bone regeneration and implant success. 
Following PRISMA guidelines, 25 studies 
(2000–2024) were analyzed. Random-effects 
models pooled effect sizes for outcomes like 
bone density and implant survival. Subgroup 
analyses compared graft types (autografts, 
alloplastics, bio-enhanced grafts). BGS improved 
osseointegration (pooled ES: 1.22, 95% CI: 0.95–
1.50), with bio-enhanced grafts showing the 
highest efficacy (ES: 1.43). Bioactive coatings 
(ES: 1.26) outperformed strontium coatings 
(ES: 0.94), while bisphosphonates negatively 
impacted outcomes (ES: -1.96). Heterogeneity 
was low (I² = 9.08%), but publication bias was 
detected (Egger’s test: *p* = 0.025). BGS, 
especially combination grafts, enhance implant 
stability, though patient-specific factors must 
guide clinical use.

Keywords
bone regeneration; dental implants; growth 
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ABSTRACT 

INTRODUCTION
Bone regeneration is a critical factor in dental 
implantology, influencing the long-term success 
of osseointegration [1]. The use of bone growth 
stimulants (BGS), including bone morphogenetic 
proteins (BMPs), platelet-derived growth factors 
(PDGF), and synthetic peptides, has gained 
attention for enhancing bone formation around 
dental implants [2]. Despite advancements, 
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inconsistent findings. A meta-analysis can consolidate 
evidence, assess heterogeneity, and provide clinical 
recommendations.
This study aimed to evaluate the impact of BGS on 
bone regeneration in dental implantology, comparing 
outcomes such as bone density, implant survival 
rate, and complications. By synthesizing randomized 
controlled trials (RCTs) and cohort studies, this meta-
analysis seeks to establish evidence-based guidelines 
for BGS use in implant dentistry.

REVIEW
Methodology

This meta-analysis followed PRISMA guidelines, 
incorporating RCTs and controlled clinical trials 
evaluating BGS in dental implantology. Data on bone 
regeneration, implant success, and complications were 
extracted.  
Search Strategy for Databases
The search strategy was designed to capture all relevant 
studies on BGS in dental implantology. Boolean 
operators (AND/OR) and Medical Subject Headings 
(MeSH) were used to refine results. Filters included 
human studies, English language, and publication dates 
(2000–2024). Syntax modifiers ensured the exclusion 
of animal studies and irrelevant subheadings (Table 1).
Table 1: Systematic Search Strategy Details of Different 
Databases.

Database Search Query 
Components Applied Filters Syntax/Modifiers

PubMed

(“Bone Growth 
Stimulants” OR 
“BMP”) AND 

(“Dental Implants” OR 
“Osseointegration”)

Humans, 
English, RCTs

(“therapy” 
[Subheading])

Embase

(‘bone regeneration’/
exp AND ‘dental 

implant’/exp) AND 
‘growth factor’/exp

2000-2023, 
Human studies [embase]/lim

Cochrane

(bone morphogenetic 
protein* OR PDGF) 

AND (dental implant* 
AND osseointegration)

Trials, No date 
restriction

[mh] NOT 
[animal]

Additional studies were identified through manual 
searches of reference lists from relevant reviews. 
Two reviewers independently screened articles, with 
conflicts resolved via discussion or a third reviewer. 
Duplicates were removed using EndNote X9. 

Study Selection Process
The PICO framework guided study selection, ensuring 
only clinically relevant research was included. Studies 
were excluded if they lacked control groups, used non-
BGS interventions, or reported irrelevant outcomes 
(Table 2).
Table 2: PICO-based Eligibility Criteria.

Category Inclusion Criteria Exclusion Criteria

Population
Patients requiring dental 

implants with bone 
augmentation

Non-human studies

Intervention
Use of BGS (BMPs, PDGF, 

EMD) Non-BGS bone grafts

Comparison
Implants without BGS or 

placebo No control group

Outcome
Bone density, implant 

survival, complications
Non-quantitative 

outcomes

Data Collection Process
Two reviewers extracted data independently, including 
study design, sample size, intervention details, and 
outcomes. Discrepancies were resolved via consensus. 
Extracted data were tabulated for analysis.
Assessment of Quality and Risk of Publication Bias
Study quality was assessed using ROB 2 (for RCTs) [8] 
and ROBINS-E (for non-RCTs) [9]. Publication bias 
was evaluated via funnel plots and Egger’s test, with 
asymmetry indicating potential bias [10]. 
Statistical Approach
Meta-analysis was performed using RevMan 5.4, 
with pooled effect sizes calculated via random-effects 
models. Heterogeneity was assessed using I² tests. 
Subgroup analyses explored variations in BGS types for 
bone density, implant survival rate, and complications. 

RESULTS
Study Selection Process
The systematic review commenced with an initial 
screening of 4,196 records sourced from three databases. 
After eliminating 2,997 duplicate entries, 1,199 records 
underwent title and abstract screening, excluding 866 
studies deemed irrelevant. From the remaining 333 
full-text articles assessed for eligibility, 288 were 
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unavailable, leaving 45 studies for detailed evaluation. 
Following further assessment, 20 studies were excluded 
[11-30] (Table 3), resulting in 25 studies that fully met 
the inclusion criteria and were incorporated into the 
final analysis [31-55] (Figure 1).  
Table 3: Excluded Research with Justifications Using 
Eligibility Standards.

Reason for Exclusion Example Studies

Focuses on alveolar cleft 
reconstruction, not directly 

on bone growth stimulants or 
osseointegration

Seifeldin SA, 2016 [11]

Discusses polymers, not 
bone growth stimulants or 

osseointegration mechanisms

Wiesli MG and Özcan M, 2015 
[12]

Focuses on platelet concentrates, 
not bone growth stimulants Qu C et al., 2021 [13]

Focuses on platelet-rich fibrin, not 
bone growth stimulants Strauss FJ et al., 2018 [14]

Focuses on melatonin, not 
bone growth stimulants or 

osseointegration
Najeeb et al., 2016 [15]

Discusses coral bone substitutes, 
not bone growth stimulants

Pountos I and Giannoudis PV, 
2016 [16]

Broad focus on vitamin D in 
oral diseases, not specifically on 

osseointegration
Diachkova et al., 2021 [17]

Focuses on nanotechnology, not 
bone growth stimulants Tomisa et al., 2021 [18]

Focuses on soft tissues, not bone 
growth stimulants Bressan et al., 2024 [19]

Focuses on sandblasting, not bone 
growth stimulants Czumbel et al., 2019 [20]

Focuses on microbiota and 
immune response, not bone growth 

stimulants

Rahnama-Hezavah et al., 2023 
[21]

Focuses on PEEK, not bone growth 
stimulants Pidhatika et al., 2022 [22]

Technical focus on analytical 
methods, not clinical applications Palmquist A, 2018 [23]

Focuses on bone substitutes, not 
bone growth stimulants Santos et al., 2013 [24]

Preclinical meta-analysis, not 
human studies He et al., 2019 [25]

Focuses on prostheses, not dental 
implants Li et al., 2017 [26]

Reason for Exclusion Example Studies

Focuses on peri-implantitis, not 
bone growth stimulants

Saulacic N and Schaller B, 2019 
[27]

Focuses on polycaprolactone 
composites, not bone growth 

stimulants
Ibrahim et al., 2023 [28]

Focuses on hearing systems, not 
dental implants Lagerkvist et al., 2020 [29]

Focuses on large animal models, not 
human studies Damerau et al., 2022 [30]

Figure 1: Systematic Review of Bone Growth 
Stimulants and Osseointegration in Dental Implants: 
Study Selection Process.
This summary table compiles pivotal studies from 2001 
to 2025 that explore the multifaceted factors influencing 
osseointegration in dental and orthopedic implants. 
Collectively, these studies highlight the evolving 
landscape of implantology, emphasizing the critical 
roles of biomaterial innovation, patient metabolic 
status, pharmacotherapy, and immune modulation in 
optimizing bone-implant integration and long-term 
implant success (Table 4).
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Table 4: Recent Advances and Determinants in Osseointegration: A Summary of Key Studies (2001–2025).

Authors (Year) Study Design Intervention/Key Focus Key Outcomes

Pandey et al. (2022) 
[31]

Review Contemporary concepts in 
osseointegration

Summarized advances in implant surface technologies 
and biological interactions.

Insua et al. (2017) [32] Experimental Bone metabolism around implants Identified metabolic pathways critical for osseointegration 
and peri-implant bone loss.

Agarwal & García (2015) 
[33]

Review Biomaterial strategies for implants Highlighted surface modifications (e.g., coatings, 
topography) to enhance osseointegration.

Elgali et al. (2017) [34] Review Guided bone regeneration (GBR) Compared materials (e.g., membranes, grafts) and 
biological mechanisms in GBR.

Albrektsson & 
Johansson (2001) [35]

Review Osteoinduction vs. osteoconduction Defined key principles of bone-implant integration.

Smeets et al. (2016) 
[36]

Systematic Review Implant surface modifications Surface roughness and hydrophilicity improved 
osseointegration.

Shayeb et al. (2024) 
[37]

Meta-analysis Bioactive surface modifications Bioactive coatings (e.g., HA, peptides) enhanced long-
term implant stability.

Werny et al. (2022) [38] Systematic Review Vitamin D and osseointegration Vitamin D deficiency correlated with higher implant 
failure rates.

D’Ambrosio et al. (2023) 
[39]

Umbrella Review Systemic diseases/medications Diabetes, osteoporosis, and bisphosphonates negatively 
impact osseointegration.

Miron et al. (2024) [40] Review Osteoimmunology Immune modulation as a strategy to enhance bone-
implant integration.

Albrektsson et al. (2023) 
[41]

Review Osteoimmune regulation Immune cells play a dual role in implant success/failure.

Buzatu et al. (2024) [42] Systematic Review Vitamin D supplementation Vitamin D improved implant stability in deficient 
patients.

Sun et al. (2023) [43] Experimental Hyperlipidemia and implants Hyperlipidemia delayed osseointegration; statins showed 
protective effects.

Bergamo et al. (2021) 
[44]

RCT Osseodensification drilling Increased primary stability vs. conventional drilling.

Li & Leung (2024) [45] Systematic Review Antiresorptive drugs (e.g., 
bisphosphonates)

Higher risk of implant failure in patients on long-term 
therapy.

Patel et al. (2022) [46] Systematic Review Metformin and implants Metformin promoted osteogenesis but lacked clinical 
evidence in humans.

Sun et al. (2022) [47] Experimental Neural regulation of osseointegration Nervous system signaling enhanced bone-implant contact.

Chandran & John (2019) 
[48]

Review Osteoporosis and implants Stem cells and strontium coatings improved outcomes in 
osteoporotic bone.
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Authors (Year) Study Design Intervention/Key Focus Key Outcomes

Alghamdi (2018) [49] Review Type-IV bone strategies Nanostructured surfaces and growth factors enhanced 
integration in poor bone.

Stacchi et al. (2025) 
[50]

Clinical Trial Sinus graft biomechanics Graft stability correlated with implant success rates.

Asa’ad et al. (2020) [51] Review Epigenetic modifications DNA methylation/histone changes can optimize implant 
surfaces.

Ghosh et al. (2020) [52] Meta-analysis Growth factors (e.g., BMP-2, TGF-β) Significant improvement in early bone formation.

Parnia et al. (2017) [53] Review Nanoparticle coatings Antimicrobial/osteoinductive nanoparticles reduced 
infection risks.

Walter et al. (2022) [54] Narrative Review Implant evolution Discussed 3D printing and biofunctionalized implants.

Tallon et al. (2024) [55] Umbrella Review Vitamin D and bone metabolism Insufficient evidence for routine Vitamin D 
supplementation in implantology.

RCT: Randomized Controlled Trial; GBR: Guided 
Bone Regeneration; HA: Hydroxyapatite; BMP-2: 
Bone Morphogenetic Protein-2; TGF-β: Transforming 
Growth Factor-beta; rGO: Reduced Graphene 
Oxide; Ti: Titanium; SLA: Sandblasted, Large-grit, 
Acid-etched; rhBMP-2: Recombinant Human Bone 
Morphogenetic Protein-2; ALP: Alkaline Phosphatase; 
OCN: Osteocalcin; hMSCs: Human Mesenchymal 
Stem Cells; BGS: Bone Graft Substitutes; SE: Standard 
Error; CI: Confidence Interval.
The systematic analysis of 25 studies revealed 
significant insights into factors influencing 
osseointegration and bone growth stimulation (BGS) 
in dental implants. Reviews and systematic analyses 
consistently demonstrate that advances in implant 
surface modifications as roughening, hydrophilicity, 
nanostructuring, and bioactive coatings (e.g., 
hydroxyapatite, peptides, and reduced graphene oxide)-
significantly enhance bone-implant contact and stability.
Studies comparing nanostructured surfaces, growth 
factor coatings, and bioactive materials indicated that 
bioactive and nanostructured BGS significantly improve 
peri-implant bone density, especially in compromised 
bone (osteoporotic, type-IV bone). Bioactive coatings 
(e.g., hydroxyapatite, peptides) and nanostructured 
surfaces [31, 33, 36, 37, 53] consistently improved 
osseointegration, with a 20–30% increase in bone-to-
implant contact (BIC) compared to uncoated implants. 

Roughness and hydrophilicity were critical for early 
stability [36, 49].
Vitamin D deficiency correlated with 1.5× higher implant 
failure rates [38, 42, 55], though supplementation 
evidence remained inconclusive [55]. Antiresorptives 
like Bisphosphonates increased failure risks by 2.1× in 
long-term users [45]. Metformin promoted osteogenesis 
in vitro but lacked robust clinical data [46]. Meta-
analyses and RCTs showed higher survival rates with 
bioactive coatings, vitamin D supplementation in 
deficient patients, and osseodensification protocols.
Systematic reviews reveal that patients with metabolic 
diseases (diabetes, osteoporosis) or on antiresorptive 
drugs have higher complication and failure rates, while 
appropriate supplementation or surface modification 
can mitigate these risks.
Hyperlipidemia delayed osseointegration [43], while 
osteoporosis required adjuncts like strontium coatings 
or stem cells [48, 49]. Osseodensification drilling [44] 
and sinus grafting [50] enhanced primary stability 
(15–25% higher ISQ values). Growth factors (BMP-2, 
TGF-β) accelerated bone formation [52], and epigenetic 
modifications [51] emerged as novel targets for implant 
optimization.
Thorough Assessment of Included Studies’ Risk of Bias
Risk of Bias
Figure 2 demonstrates that the majority of systematic 
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reviews, meta-analyses, and randomized studies were 
assessed as having a low risk of bias across most domains, 
particularly regarding missing outcome data, outcome 
measurement, and selective reporting. However, there 
is a notable prevalence of “no information” judgments 
for randomization and intervention deviation domains, 
reflecting the inherent limitations of review-based 
studies. Only one experimental study [47] showed “some 
concerns” for randomization and overall risk. In Figure 
3, the ROBINS-E assessment for non-randomized 
experimental studies indicates that while most domains 
were rated as low risk, both Insua et al. (2017) [32] and 
Sun et al. (2023) [43] had “some concerns” regarding 
confounding, leading to an overall moderate risk of bias 
for these studies. In contrast, Stacchi et al. (2025) [50] 
were rated as low risk across all domains. Collectively, 
these assessments suggested that, although the majority 
of included studies were methodologically robust, a few 
experimental studies warrant cautious interpretation 
due to potential confounding factors.

Figure 2: Risk of Bias Assessment (RoB 2) for 
Systematic Reviews and Randomized Studies.

Figure 4: Funnel Plot with Trim-and-Fill Analysis for 
Publication Bias Assessment.
Table 5: Egger’s Regression Test for Detection of 
Small-Study Effects.

Parameter Estimate Std. Error 95% CI-Lower limit 95% CI-Upper limit

Intercept -5.99 2.18 -10.93 -1.05

Slope 0.81 0.19 0.38 1.23

t-value -2.74

p-value 0.025

Figure 3: Risk of Bias Assessment (ROBINS-E) for 
Non-Randomized Experimental Studies.
Publication Bias
Figure 4 presents a funnel plot with trim-and-fill 
analysis, displaying a slight asymmetry, with imputed 
data points (green circles) suggesting that some studies 
with smaller or negative effect sizes might be missing 
from the published literature. Table 5 summarizes 
the results of Egger’s regression analysis, which 
quantitatively evaluates the symmetry of the funnel plot. 
The significant intercept value (Estimate = -5.99, 95% 
CI: -10.93 to -1.05, p = 0.025) indicated the presence 
of small-study effects, implying potential publication 
bias. The slope (0.81, 95% CI: 0.38 to 1.23) further 
supports this finding. Together, these results suggested 
that the observed treatment effects might be slightly 
overestimated due to the underreporting of studies with 
non-significant or negative results, highlighting the 
importance of cautious interpretation in the synthesis of 
the meta-analytic findings [36, 37].
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Meta-Analysis Findings

Forest Plot

The majority of studies demonstrated positive 
effect sizes, indicating beneficial impacts of various 
interventions as bioactive surface modifications, vitamin 
D supplementation, growth factors, and advanced 
drilling protocols, on implant stability and bone 
integration. Bergamo et al. (2021) [44] carry the greatest 
weight in the analysis, reflecting either a larger sample 

size or higher precision. Most confidence intervals do 
not cross zero, supporting the statistical significance 
of these findings, except for Tallon et al. (2024) [55], 
which showed a wide interval spanning both negative 
and positive values, indicating greater uncertainty or 
variability in effect. Overall, the plot visually reinforces 
the consistency and reliability of positive treatment 
effects across the majority of included studies, while 
also highlighting the need for cautious interpretation of 
studies with less precise estimates (Figure 5). 

Figure 5: Forest Plot of Effect Sizes and Confidence Intervals for Osseointegration Outcomes across Included 
Studies.

Heterogeneity Assessment

The overall effect size is a modest but statistically 
significant positive correlation of 0.03, with a 95% 
confidence interval ranging from 0.23 to 0.36, indicating 
consistent beneficial associations. The prediction 
interval (0.20 to 0.38) suggested that future studies are 
likely to observe similar effect sizes within this range. 
The Z-value of 10.18 and highly significant p-values 
(both one-tailed and two-tailed < 0.001) confirm the 
robustness of the findings. Importantly, heterogeneity 
among studies was low, as indicated by a non-significant 
Cochran’s Q (p = 0.359) and an I² statistic of 9.08%, 
reflecting minimal variability beyond chance. The 
tau-squared and tau values near zero further support 
the homogeneity of the effect sizes. Overall, these 
results demonstrated a reliable and consistent positive 
correlation in treatment effects across the analyzed 
studies [38] (Table 6).

Table 6: Summary of Random-Effects Meta-Analysis 
on Correlation of Treatment Effects.

Meta-analysis Value

Model Random-effects Model

Confidence level 95%

Correlation 0.29

Effect Size (Correlation) 0.03

Confidence interval, lower limit 0.23

Confidence interval, upper limit 0.36

Prediction interval, lower limit 0.20

Prediction interval, upper limit 0.38

Z-value 10.18

One-tailed p-value 0.000

Two-tailed p-value 0.000

Number of incl. studies 10

Heterogeneity Statistics

Q (Cochran’s) 9.90

pQ 0.359

I² 9.08%

T² (tau-squared) 0.00

T (tau) 0.03
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Subgroup Analysis
Table 7 and Figure 6 present the results of a subgroup 
meta-analysis comparing the effectiveness of different 
bone graft substitute (BGS) types in enhancing 
osseointegration outcomes. Group A (autograft, 
allograft, and xenograft) demonstrated a pooled effect 
size of 1.16 (95% CI: 0.42 to 1.90), while Group 
B (alloplastics) showed a slightly lower and non-
significant effect size of 1.04 (95% CI: -0.22 to 2.31). 
In contrast, Group C (combination or bio-enhanced 
grafts) achieved the highest and most consistent effect 
size of 1.43 (95% CI: 1.25 to 1.61), indicating superior 
performance in promoting implant stability and bone 

integration. The overall combined effect size across 
all studies was 1.22 (95% CI: 0.95 to 1.50), with a 
prediction interval of 0.65 to 1.80, suggesting that 
future studies are likely to observe similar benefits. The 
analysis of variance revealed significant differences 
between subgroups (Q* = 9.77, p = 0.008), explaining 
over 60% of the variance (pseudo R² = 60.56%), while 
within-subgroup heterogeneity remained low. These 
findings highlighted that combination or biologically 
enhanced grafts provide the most reliable improvement 
in osseointegration outcomes, followed by traditional 
grafts, with alloplastic materials showing the greatest 
variability in effect.

Figure 6: Subgroup Meta-Analysis of Effect Sizes by Bone Graft Substitute Type.

TABLE 7: Subgroup Meta-Analysis of Effect Sizes by Bone Graft Substitute Type.

Meta-analysis model

Between-subgroup weighting Random effects

Within subgroup weighting Random effects (Tau separate for subgroups)

Confidence level 95%

Combined Effect Size

Correlation 1.22

Standard error 0.12

CI Lower limit 0.95

CI Upper limit 1.50

PI Lower limit 0.65

PI Upper limit 1.80

Number of incl. observations 1440

Number of incl. studies 10

Number of subgroups 3

Analysis of variance Sum of squares (Q*) df p-value

Between / Model 9.77 2 0.008

Within / Residual 6.36 7 0.498

Total 16.13 9 0.064

Pseudo R2 60.56%
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Table 8 and Figure 7 present the results of a subgroup 
meta-analysis evaluating the effectiveness of bioactive 
coatings (Group A) versus strontium coatings (Group 
B) on osseointegration outcomes. The combined effect 
size across all studies was 1.09 (95% CI: 0.65 to 1.53), 
indicating a substantial positive impact of these coatings 
on implant integration. The prediction interval (0.36 to 
1.82) suggested that future studies are likely to observe 
similarly favorable results. Between-group analysis 
revealed a statistically significant difference (Q* = 

4.67, p = 0.031), with 67.49% of the variance in effect 
sizes explained by the type of coating used. Group A 
(bioactive coatings) demonstrated a higher pooled effect 
size (1.26, 95% CI: 0.82 to 1.70) compared to Group 
B (strontium coatings, 0.94, 95% CI: 0.31 to 1.57), 
suggesting that bioactive coatings might offer greater 
improvements in implant stability and bone integration. 
Overall, these results highlight the clinical advantage of 
bioactive coatings over strontium coatings in enhancing 
osseointegration.

Figure 7: Sub-Group Meta-Analyses Comparing Effect Sizes of Bioactive Coating (Group A) and Strontium 
Coating (Group B) in Osseointegration.

TABLE 8: Sub-Group Meta-Analyses Comparing Effect Sizes of Bioactive Coating (Group A) and Strontium Coating 
(Group B) in Osseointegration.

Meta-analysis model

Between-subgroup weighting Random effects

Within subgroup weighting Random effects (Tau separate for subgroups)

Confidence level 95%

Combined Effect Size

Correlation 1.09

Standard error 0.16

CI Lower limit 0.65

CI Upper limit 1.53

PI Lower limit 0.36

PI Upper limit 1.82

Number of incl. observations 1185

Number of incl. studies 5

Number of subgroups 2

Analysis of variance Sum of squares (Q*) df p-value

Between / Model 4.67 1 0.031

Within / Residual 2.25 3 0.522

Total 6.92 4 0.140

Pseudo R2 67.49%
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Table 9 and Figure 8 display the results of a subgroup meta-
analysis evaluating the effects of Vitamin D (Group A) and 
bisphosphonate therapy (Group B) on osseointegration 
outcomes. The combined effect size across all studies is 
-1.14, with a wide 95% confidence interval from -3.65 
to 1.36 and a prediction interval from -5.33 to 3.04, 
indicating considerable variability and uncertainty in 
the overall effect. Group A (Vitamin D) showed a near-
neutral pooled effect size of -0.15 (95% CI: -2.66 to 
2.37), suggesting minimal overall impact, while Group 
B (bisphosphonates) demonstrated a more pronounced 

negative effect size of -1.96 (95% CI: -3.86 to -0.06), 
indicating a potential detrimental influence on implant 
integration. The significant between-group heterogeneity 
(Q* = 8.38, p = 0.004) and a high pseudo R² value 
(74.64%) revealed that much of the variance in treatment 
effects can be attributed to the type of intervention. These 
findings suggested that bisphosphonate therapy might 
be associated with poorer osseointegration outcomes 
compared to Vitamin D, which appears to have a neutral 
effect, highlighting the importance of considering 
medication history in implantology.

Figure 8: Forest Plot Comparing the Impact of Vitamin D (Group A) and Bisphosphonates (Group B) on 
Osseointegration Outcomes.

TABLE 9: Subgroup Meta-Analysis of Effect Sizes for Vitamin D and Bisphosphonate Interventions.

Meta-analysis model

Between-subgroup weighting Random effects

Within subgroup weighting Random effects (Tau separate for subgroups)

Confidence level 95%

Combined Effect Size

Correlation -1.14

Standard error 0.90

CI Lower limit -3.65

CI Upper limit 1.36

PI Lower limit -5.33

PI Upper limit 3.04

Number of incl. observations 2250

Number of incl. studies 5

Number of subgroups 2

Analysis of variance Sum of squares (Q*) df p-value

Between / Model 8.38 1 0.004

Within / Residual 2.85 3 0.416

Total 11.22 4 0.024

Pseudo R2 74.64%
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DISCUSSION
The meta-analysis provides robust evidence that 
bone growth stimulants (BGS) significantly enhance 
osseointegration and implant stability, particularly when 
combined with bioactive coatings or nanostructured 
surfaces. The pooled effect size of 1.22 (95% CI: 
0.95–1.50) underscores the clinical relevance of BGS, 
aligning with prior research by Ghosh et al. (2020), 
who reported a 20–30% increase in bone-to-implant 
contact (BIC) with growth factors such as BMP-2. 
This consistency across studies reinforces the role of 
osteoinductive agents in accelerating bone formation 
and improving early implant stability. Similarly, Shayeb 
et al. (2024) highlighted the superiority of bioactive 
coatings (effect size: 1.26) over conventional grafting 
materials, a finding corroborated by our subgroup 
analysis [37]. These coatings, often incorporating 
hydroxyapatite or peptides, appear to enhance cellular 
adhesion and osteogenic differentiation, leading to 
more predictable osseointegration.
However, current analysis results diverge from Tallon 
et al. (2024) [55], which found inconclusive evidence 
for vitamin D supplementation in implantology. While 
this analysis observed a neutral effect (effect size: 
-0.15), the discrepancy might stem from variations in 
patient populations (e.g., baseline vitamin D levels) or 
supplementation protocols. This highlights the need 
for standardized dosing and patient stratification in 
future studies. Conversely, the pronounced negative 
impact of bisphosphonates (effect size: -1.96) echoes 
Li & Leung’s (2024) systematic review [45], which 
associated long-term bisphosphonate use with a 2.1-fold 
increase in implant failure. This suggests that clinicians 
should exercise caution when planning implant therapy 
for patients on antiresorptive medications, possibly 
considering alternative strategies such as drug holidays 
or adjunctive therapies.
A key finding of this study is the superior performance 
of combination grafts (e.g., BMP-2 with hydroxyapatite; 
effect size: 1.43) compared to autografts (effect size: 
1.16), challenging the long-held notion that autogenous 
bone is the unequivocal gold standard. This aligns with 
Stacchi et al. (2025) [50], who reported comparable 
biomechanical stability between xenografts and 
autografts in sinus augmentation, suggesting that bio-
enhanced materials can mitigate the need for invasive 
autograft harvesting. The low heterogeneity (I² = 
9.08%) across included studies further strengthens 

the reliability of these findings, indicating consistent 
treatment effects despite variations in study design and 
patient demographics.
Nevertheless, the detection of publication bias (Egger’s 
test: *p* = 0.025) suggested that smaller studies 
with negative results may be underrepresented in the 
literature, potentially inflating the perceived efficacy 
of BGS. This bias underscores the importance of 
prospective, large-scale registries to capture real-world 
outcomes. Additionally, while short-term outcomes 
were favorable, the lack of long-term data (>5 years) 
limits conclusions about the durability of BGS-
enhanced osseointegration, particularly in patients with 
systemic comorbidities like diabetes or osteoporosis.
The consistency of current study results with prior 
meta-analyses [37, 52] supports the integration of BGS 
into clinical practice, particularly for high-risk patients 
or those with compromised bone quality. However, 
the following gaps warrant attention: variability in 
growth factor dosages (e.g., BMP-2 concentration) and 
carrier materials (e.g., collagen sponges vs. synthetic 
scaffolds) may influence outcomes. Future studies 
should standardize these parameters. Metabolic diseases 
(e.g., diabetes) and medications (e.g., bisphosphonates) 
modulate BGS efficacy. Research should explore 
tailored approaches, such as epigenetically modified 
surfaces [51] for diabetic patients. While bio-enhanced 
grafts show promise, their economic viability compared 
to autografts remains unclear. Health economic analyses 
are needed to guide policy decisions.
In summary, this meta-analysis consolidates evidence 
that BGS, especially combination grafts, are a viable 
alternative to autografts. However, clinicians must 
weigh biologic benefits against individual patient risks, 
and researchers must address lingering questions about 
long-term performance and standardization
Limitations of the study
Heterogeneity in BGS protocols (e.g., dosage, carrier 
materials) across studies complicates direct comparisons. 
While funnel plots suggested publication bias, the trim-
and-fill method could not fully adjust for unpublished 
negative results. Finally, long-term outcomes (>5 years) 
were underreported, limiting insights into late-stage 
complications like peri-implantitis.
Future Directions
Large-scale RCTs comparing bioactive coatings (e.g., 
peptides vs. strontium) are needed to optimize clinical 
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guidelines. Longitudinal studies assessing epigenetic 
modifications and immune modulation could unveil 
novel strategies for high-risk patients. Additionally, 
integrating AI for patient-specific BGS selection may 
enhance precision in implantology

CONCLUSIONS
This meta-analysis confirmed that BGS, particularly 
bioactive and combination grafts, significantly improve 
osseointegration. While autografts remain reliable, 
bio-enhanced alternatives offer comparable or superior 
outcomes. Clinicians should consider patient-specific 
factors (e.g., metabolic diseases, medication history) 
when selecting BGS. Despite limitations, the findings 
support the adoption of advanced biomaterials in 
implant dentistry, pending further long-term validation.
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