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ABSTRACT

Osseointegration—the straightforward
structural and functional connection
between living bone and implant
surface—is the biological foundation of
dental, orthopedic, and craniofacial
prosthetics. Despite technological
breakthroughs, the mechanisms governing
stable bone integration remain unclear.
Histological architecture, immune
microenvironment, and  pathological
remodeling all play a role in implant
success and function over the long term.
Objective,To critically appraise and
quantitatively meta-analyze evidence
regarding histological, immunological,
and pathological processes affecting bone
integration around osseointegrated
implants and assess how surface
modification of implants impacts bone-
impl ant contact (BIC) and bone volume
fraction(BV/TV). Methods, Systematic
search (2010-2025) in PubMed, Scopus,
and Embase was conducted according to
PRISMA 2020 guidelines. Included
studies reported quantitative
histomorphometric data on BIC or BV/TV
and/or immunologic and pathologic
correlates. Pooled SMDs were estimated
using  random-effects  meta-analysis
(DerSimonian—Laird).  Subgroup and
meta-regression analysis tested
moderators such as surface chemistry,
healing time, and immune response.
Results, Eighty-four studies (n = 3,412
implants) met the inclusion criteria.

Surface-modified implants  exhibited
significantly higher BIC (pooled SMD =
1.08, 95% CI [0.82, 1.35]) and BVITV
(SMD = 0.94, 95% CI [0.68, 1.21])
compared to machined controls (p <.001).
Histologically,  surface  topography
accelerated osteoid deposition and
lamellar bone formation.
Immunologically,  macrophage M2
polarization (r = .71) correlated positively
with osseointegration, while persistent M1
activation was associated with peri-
implant bone loss. Pathological patterns
indicated inflammatory, mechanical, and
aseptic mechanisms in failed implants.
Conclusions,  Osseointegration is a
multidimensional biological event
influenced by microstructure, immune
modulation, and tissue remodeling.
Quantitative synthesis supports the use of
bioactive surfaces and
immunomodulatory strategies to optimize
bone—implant integration and reduce
pathological failure risk.
Keywords:  osseointegration;  bone-
implant contact; histology; immunology;
pathology; macrophages; implant surface;
meta-analysis

INTRODUCTION

Their success is dependent on
osseointegration, which is a complex
biological phenomenon that forms a direct
and functional osseointegration between
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bone and a foreign surface (Branemark et
al., 1977). It encompasses more than bone
deposition; it encompasses involved
histological ~ remodeling,  controlled
immune reactions, and exclusion of
pathological inflammation. Over the last
fifty years, implant science has moved on
from mechanical anchorage only to
investigating molecular and cellular
determinants of concordance between
bone and implant (Davies, 2003;
Albrektsson & Wennerberg, 2019).
Differences between studies in implant
material, surface treatment, and healing
models have produced inconsistent
findings on the efficiency and stability of
integration over time.

This meta-analysis applies a three-
dimensional  framework—histological,
immunological, and pathological—to
holistically evaluate osseointegration. It
aims to:

1. Quantify the net impact of
implant surface modification on BIC and
BV/TV.

2. Examine immunological
determinants (macrophage polarization,
cytokine activity) influencing
osseointegration.

3. Synthesize pathological evidence
for understanding implant failure and peri-
implant disease.

METHODS

Search Strategy

A systematic search covering January
2010 through March 2025 was conducted
using PubMed, Scopus, and Embase. The
Boolean  search  string  combined:
“osseointegration” OR “bone— implant
contact”) AND  (“histology” OR
“immunology” OR “pathology” AND
“dental implant” OR “orthopedic implant”
OR “titanium implant” AND “meta-
analysis” OR  “systematic review”.
Reference lists of relevant studies were
screened manually. Gray literature
included Clinical Oral Implants Research,
International  Journal of Oral and

Maxillofacial Implants, and Journal of
Orthopaedic Research conference
abstracts.

Eligibility Criteria

Studies were included if they:

0 Reported quantitative BIC or BV/TV
measurements.

0 Compared surface-modified or
bioactive implants to machined controls.

0 Used mn vivo animal or human
models.

0 Reported immune markers (e.g., IL-
1B, IL-10, TNF-a) or pathological
findings.

Excluded were case reports, purely in
vitro studies, and reviews without
quantitative data.

Data Extraction and Synthesis

Two reviewers independently
extracted: sample size, species, implant
type, surface modification, healing
duration, outcome variables, and immune
markers.  Standard deviations  were
converted to SMDs for meta-analysis
(Wan et al., 2014).

Random-effects models were applied
(DerSimonian & Laird). Heterogeneity
was quantified with

I? and Cochran’s Q. Subgroup analyses
examined material type (titanium vs.
zirconia), site

(maxilla, mandible, femur), and healing
time (<6 weeks, 6-12 weeks, >12 weeks).
Egger’s regression tested for publication
bias.

RESULTS

Study Characteristics

From 1,246 records, 84 met inclusion
criteria (3,412 implants  total).
Approximately 40% were dental,

45% orthopedic, and 15% craniofacial.
Most used rabbit or canine models.
Pooled Bone—Implant Contact
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Meta-analysis showed significantly
greater BIC for surface-modified implants
(SMD = 1.08, 95% CI [0.82, 1.35], p <
.001), with moderate heterogeneity (12 =
58%, p < .01) (Trindade et al.,2016).
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Figure 1. Forest plot of standardized
mean differences for BIC showing higher
values for bioactive surfaces

Surface chemistry (CaP and TiO2
nanotube coatings) explained 38% of
heterogeneity. Healing periods >12 weeks
increased BIC by 0.37 SMD.

Bone Volume Fraction

Pooled BV/TV improvement was also
significant (SMD = 0.94, 95% CI [0.68,
1.21], p<.001, 12=62%) (Hotchkiss et al.,
2016).

Figure 2. Forest plot for bone volume
fraction showing consistent advantage for
treated surfaces

Histological Evidence

Histological analysis across 48 studies
revealed three key stages:

1. Initial inflammatory phase (1-2
weeks): fibrin clot formation, neutrophil

infiltration, and early osteoid matrix
deposition.

2. Transitional phase (2-6 weeks):
woven bone formation and osteoblast
alignment along surface grooves.

3. Maturation phase (>6 weeks):
lamellar bone organization and osteocyte
network formation (Chappuis et al., 2015).

The figure 3 illustrates the sequential
histological events that occur at the bone—
implant interface during the process of
osseointegration, spanning from 1 day to
28 days post-implantation.

On day 1, the implant surface is
surrounded by a blood clot composed of
platelets, plasma proteins, erythrocytes,
and fibrin. These components initiate the
inflammatory  response and release
cytokines and chemokines that attract
immune cells and progenitor cells to the
site.

By 7 days, leukocytes and
mesenchymal stem cells (MSCs) migrate
to the area, marking the transition from
inflammation to tissue repair. Fibroblasts
begin depositing collagen fibers, and new
blood vessels start to form, providing
nutrients for healing and new bone
formation.

At 14 days, there is evident matrix
formation and early osteogenesis.
Osteoblasts derived from MSCs begin to
deposit osteoid tissue (unmineralized bone
matrix) along the implant surface.

Simultaneously, vascularization
continues to expand within the healing
tissue.

By 28 days, osteocytes become
embedded within the mineralized matrix,
indicating mature bone formation and the
establishment of secondary stability of the
implant. The tissue around the implant
shows organized bone remodeling with
active  osteoblasts and osteoclasts,
ensuring the integration of the implant into
surrounding bone.
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Figure 3. Representative histological
timeline of peri-implant bone formation

Immunological Mechanisms

Thirty-two studies measured immune
responses. A strong correlation emerged
between M2 macrophage polarization and
osseointegration success (r = .71, p <.001)
(Choi et al.,, 2023). Antiinflammatory
cytokines such as IL-10 and TGF-f were
positively associated with BIC, while
TNFa and IL-1B negatively predicted
outcomes (Omar et al., 2020). This figure
4 Illustrates the effect of different scaffold
types—empty spongastan versus cartilage
template— on macrophage polarization,
as determined by flow cytometry. In panel
(@), the top row shows the expression of
the M1 macrophage marker CD86 in
F4/80* macrophages. Compared to the
empty spongastan group, the cartilage
template group exhibits a decrease in
CD86" macrophages, indicating a
reduction in pro-inflammatory (M1)
polarization.

The bottom row shows the expression
of the M2 macrophage marker CD206 in
F4/80* macrophages. Here, the cartilage
template group demonstrates a notable
increase in CD206* macrophages
relative to the control, suggesting an
enhancement of anti-inflammatory or
tissue- repair (M2) polarization. Panel (b)
quantifies this shift by calculating the ratio
of M2/M1 macrophages. The cartilage
template group shows a **significantly
higher M2/M1 ratio (*p < 0.001)
compared to the empty spongastan group.
This result indicates that the cartilage
template promotes an anti-inflammatory
microenvironment conducive to tissue

regeneration, likely by encouraging
macrophages to adopt a reparative
phenotype.
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Figure 4. Scatter plot showing the
correlation between M2/M1 macrophage
ratio and bone—implant contact

Meta-regression incorporating immune
parameters reduced heterogeneity to 36%,
underscoring the immunological role in
bone integration.

Pathological Findings

Across studies, implant failure averaged
7.8% (95% CI [5.9%, 9.8%)]). Pathological
causes included:

0 Inflammatory peri-implantitis (48%)
characterized by neutrophilic infiltration
and  osteoclastic  bone  resorption
(Guglielmotti et al., 2019).

00 Mechanical overload (28%) leading
to micro-cracks and necrosis.

00 Aseptic osteolysis (14%) with
macrophage-laden granulomas.

0 Fibrous encapsulation (10%) marked
by avascular collagenous tissue (Donath et
al., 1992).
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Etiology Mean Time to Key Pathology Dominant
Failure Cytokines
(months)
Peri-implantitis 18 Neutrophil infiltration, bone IL-1B, TNF-a
resorption
Overload 30 Necrosis, microfractures IL-6, RANKL
Aseptic osteolysis 40 Macrophage granulomas IL-8, IFN-y

Fibrous 12
encapsulation

Dense collagen, poor
vascularity

|VEGF, TGF-B1

Table 1. Summary of pathological etiologies and immune profiles.

DISCUSSION PRINCIPAL

Findings

The pooled analysis confirms that
surface modification significantly
enhances bone integration around
implants across all modalities. On
average, BIC increased by approximately
20%, and BV/TV by 15%. Histological
and immunological evidence converge to
suggest that successful osseointegration
depends on early macrophage polarization
and balanced remodeling (Ivanovski et al.,
2018; Souza et al., 2021).

Tri-Dimensional Integration Model

1. Histological Dimension: Micro-
rough and nanostructured surfaces
accelerate osteoblast attachment and
lamellar bone formation (Buser et al.,
2017).

2. Immunological Dimension:
Transition from pro-inflammatory (M1) to
reparative (M2) macrophages determines
osteogenic potential (Hotchkiss et al.,
2016).

3. Pathological Dimension: Chronic
inflammation or mechanical overload
leads to osteoclastic dominance and peri-
implant bone loss (Guglielmotti et al.,
2019).

Tumor tissues are composed of
heterogeneous  cellular  populations,
including immune cells (natural killer
cells, T-helper cells, regulatory T cells
[Tregs], myeloid-derived suppressor cells,
dendritic cells), stromal cells such as
cancer-associated fibroblasts (CAFs), and
tumor-associated macrophages
(M2TAMs), in addition to malignant
tumor cells. Following cell isolation from
a tumor mass, these diverse components
can be reconstituted into three-
dimensional (3D) culture systems—
including cancer organoids, multicellular
spheroids, and microfluidic (organ-on-a-
chip) platforms—to mimic the structural,
cellular, and molecular complexity of the
in vivo tumor microenvironment.

-

Figure 5. Conceptual tri-dimensional
model of histological, immunological, and
pathological interactions
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Meta-Regression Outcomes
4. Surface chemistry (CaP, TiO-
nanotubes) yielded the largest

improvement (SMD = 1.22).

5. Extended healing (>12 weeks)
positively correlated with BIC (B =0.37, p
=.04).

6. Zirconia and titanium showed
comparable outcomes (SMD = 1.02).

7. Egger’s test indicated no
publication bias (p =.21)

Clinical Implications

Surface bioactivation and controlled
immune modulation are central to
improving osseointegration in dental and
orthopedic contexts. Immunomodulatory
coatings releasing IL-4 or IL-10 analogs
show promise for promoting M2
polarization and reducing fibrosis (Raines
etal., 2021). Early detection of imbalance
in cytokine profiles could serve as
biomarkers predicting integration failure.

Limitations
Heterogeneity stems from diverse
animal models, variable

histomorphometric ~ techniques, and
inconsistent immune markers. Limited
human histological data also constrain
generalizability. Despite this, pooled
trends remain statistically robust.

Future Research

8. Prospective human trials
integrating immuno-histological
endpoints.

9. Development of standardized 3D
micro-CT methods  for BVITV
quantification (Al Fageh et al.,

2022).

10.  Genomic and proteomic mapping
of immune—osteogenic cross-talk.

CONCLUSION

Osseointegration is a multidimensional
biological ~ phenomenon integrating
histological remodeling, immune
regulation, and pathological equilibrium.
Meta-analysis demonstrates that bioactive
surface modification significantly
improves quantitative bone metrics. The
coordination of cellular immunity—
particularly macrophage M2
polarization—emerges as a pivotal
determinant of integration success. Future
implant  designs  should integrate
immunomodulatory and biofunctional
surface strategies to enhance predictability
and longevity.
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