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Abstract

Background: Orbital fractures represent a significant subset of maxillofacial trauma
and are associated with functional and aesthetic morbidity, including diplopia,
enophthalmos and impaired ocular motility. Advances in imaging, surgical
techniques and biomaterials substantially influenced contemporary
management; however, variability in clinical practice persists.
Objective: To systematically evaluate the epidemiology,
management strategies and clinical outcomes of orbital fractures and to identify key
predictors influencing prognosis.

Methods: A comprehensive systematic review and meta-analysis was conducted in
accordance with PRISMA 2020 guidelines. Multiple databases were searched to
identify relevant studies published between 1975 and 2026. Eligible studies included
observational and interventional designs reporting on orbital fractures. Data were
extracted on demographics, mechanism of injury, fracture characteristics, treatment
modalities and outcomes. Pooled estimates were calculated using random-effects
models and heterogeneity was assessed using the I? statistic. Risk of bias and certainty

have

fracture patterns,

of evidence were evaluated using standardized tools.

Results: A total of 154 studies were included in the qualitative synthesis, with 98
studies eligible for meta-analysis. Road traffic accidents, interpersonal violence and
falls were the most common mechanisms of injury. The orbital floor and medial wall
were the most frequently involved sites. Surgical management was associated with
significantly improved functional outcomes, including higher rates of diplopia
resolution and restoration of extraocular motility, as well as superior aesthetic
outcomes compared with conservative treatment. Early surgical intervention
demonstrated better outcomes than delayed repair. Complex and multi-wall fractures

were associated with higher complication rates. Advances such as patient-specific implants and computer-assisted techniques
contributed to improved anatomical accuracy. Moderate heterogeneity was observed, with no significant publication bias

detected.

Conclusion: Orbital fracture management has evolved toward a precision-based approach, with surgical intervention,
particularly when performed early, yielding superior outcomes in selected patients. Future research should focus on
standardized outcome measures and the integration of advanced technologies to optimize patient care.
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Introduction

Orbital fractures represent a significant subset of craniofacial trauma, accounting for a substantial proportion of injuries
presenting to emergency and ophthalmic services worldwide. These injuries encompass a broad spectrum, ranging from isolated
“blow-out” fractures to complex multi-wall disruptions involving the zygomatico-orbital complex, often accompanied by
functional and aesthetic sequelae [1,2]. The orbit’s intricate anatomy, with its delicate balance between structural integrity and
functional mobility, renders it particularly susceptible to trauma-induced alterations affecting vision, ocular motility and facial
symmetry [3].

Over the past five decades, the epidemiology of orbital fractures has evolved considerably, influenced by changes in societal
behavior, transportation patterns, interpersonal violence and occupational hazards [4,5]. Road traffic accidents, assaults, sports
injuries and falls remain the predominant mechanisms, although their relative contributions vary across geographic regions and
socioeconomic contexts [6]. Recent large-scale analyses of oculofacial trauma have highlighted shifting global patterns, with
increasing urbanization and mechanization contributing to the burden of orbital injuries [7].

The classification of orbital fractures into simple (isolated, single-wall) and complex (multi-wall or associated with adjacent facial
fractures) entities has important clinical implications, guiding decision-making and prognostication [8]. Among the orbital walls,
the floor and medial wall are most commonly involved due to their relative structural weakness, while roof and lateral wall
fractures are less frequent but often associated with high-energy trauma [9]. The extent and pattern of wall involvement directly
influence both functional outcomes, such as diplopia and extraocular motility restriction and cosmetic deformities, including
enophthalmos and orbital asymmetry [10].

Despite advancements in diagnosis and management, orbital fractures continue to be associated with a range of complications,
including persistent diplopia, enophthalmos, infection, implant-related issues, and, rarely, vision-threatening complications [11].
The reported incidence of these complications varies widely across studies, reflecting heterogeneity in study design, patient
populations and outcome definitions. This variability underscores the need for a comprehensive synthesis of available evidence.
Therefore, this study aims to provide a comprehensive systematic review and meta-analysis of orbital fractures spanning five
decades (1975-2026), evaluating patterns of injury, management protocols, timing of intervention, clinical outcomes and
complications. By integrating evidence across a broad temporal and clinical spectrum, this work seeks to inform evidence-based
decision-making and identify key determinants of optimal patient outcomes.

Methodology

Study Design and Reporting Standards

This systematic review and meta-analysis was conducted in accordance with the PRISMA 2020 statement and adhered to the
PRISMA-P (Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols) guidelines for protocol development
[12,13]. The methodology was predefined to ensure transparency, reproducibility and minimization of bias. The study selection
process is summarized in Fig. 1. A total of 4,862 records were identified through comprehensive database searching, including
PubMed, Scopus, Embase and Web of Science. Following removal of 1,124 duplicates, 3,738 records remained for title and
abstract screening, of which 3,102 were excluded based on predefined eligibility criteria. Subsequently, 636 full-text articles were
assessed for eligibility. Of these, 482 studies were excluded for reasons including lack of specificity to orbital fractures (n =178),
insufficient outcome data (n = 134), inclusion of case reports or small case series (n = 95), review articles (n =58) and non-human
studies (n = 17). Ultimately, 154 studies were included in the qualitative synthesis, of which 98 studies met the criteria for
quantitative synthesis (meta-analysis).
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Figure 1: PRISMA 2020 flow diagram of study selection process.
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Eligibility Criteria
Inclusion Criteria
1. Studies involving patients with orbital fractures of traumatic etiology
2. Observational studies (prospective/retrospective cohorts, case-control studies) and interventional studies
3. Studies reporting at least one of the following:
a. Mode of trauma
b. Fracture type (simple vs complex)
c.  Orbital wall involvement
d. Management strategies
e. Postoperative outcomes or complications
4. Studies published between January 1975 and March 2026
5. Articles published in English

Exclusion Criteria

1. Case reports or small case series (<5 patients)

Non-human or cadaveric studies

Reviews, editorials and conference abstracts without primary data
Studies lacking relevant outcome data

G N

Studies not specifically addressing orbital fractures

Information Sources and Search Strategy

A comprehensive and systematic literature search was conducted across multiple electronic databases, including PubMed,
Scopus, Embase and Web of Science, to identify relevant studies on orbital fractures. The search encompassed publications from
January 1975 to March 2026, ensuring a comprehensive evaluation of evidence across five decades. The search strategy was
developed in accordance with established methodological recommendations for systematic reviews, incorporating both
controlled vocabulary terms (e.g., Medical Subject Headings [MeSH] and Emtree terms) and free-text keywords to maximize
retrieval sensitivity. Core search terms included “orbital fracture,” “blow-out fracture,” “orbital trauma,” “orbital wall fracture,”
“zygomatico-orbital fracture,” “orbital reconstruction,” “diplopia,” “enophthalmos,” and “orbital surgery” [12-14]. Boolean
operators (AND, OR) and truncation strategies were applied to optimize both sensitivity and specificity of the search. Search

” o i

”ou

strategies were adapted to the indexing systems and functionalities of each database to ensure optimal performance. In addition
to electronic database searches, the reference lists of all included studies and relevant review articles were manually screened to
identify additional eligible studies not captured through the primary search. This multi-step approach was undertaken to
minimize publication bias and ensure comprehensive literature retrieval, consistent with the PRISMA 2020 recommendations.
The detailed search strategies employed across all databases are presented in Table 1, ensuring transparency and reproducibility
of the search process.

Database Search Strategy

PubMed (“Orbital Fractures”[MeSH] OR “orbital fracture*” OR “blow-out fracture*” OR “orbital trauma” OR
“orbital wall fracture*” OR “zygomatico-orbital fracture*”) AND (“orbital reconstruction” OR “orbital

surgery” OR “open reduction” OR “internal fixation” OR ORIF OR implant* OR mesh) AND (diplopia OR

enophthalmos OR “ocular motility” OR outcome* OR complication®) Filters: Humans, English, 1975-2026

Embase (‘orbital fracture’/exp OR ‘blow out fracture” OR “orbital trauma’ OR ‘orbital wall fracture” OR ‘zygomatico
orbital fracture”) AND (‘orbital reconstruction” OR “orbital surgery” OR “open reduction” OR “internal
fixation” OR ORIF OR implant* OR mesh) AND (diplopia OR enophthalmos OR “ocular motility’ OR
outcome* OR complication*) AND [humans]/lim AND [english]/lim AND [1975-2026]/py
Scopus TITLE-ABS-KEY (“orbital fracture*” OR “blow-out fracture*” OR “orbital trauma” OR “orbital wall
fracture*” OR “zygomatico-orbital fracture*”) AND TITLE-ABS-KEY (“orbital reconstruction” OR “orbital
surgery” OR ORIF OR implant* OR mesh) AND TITLE-ABS-KEY (diplopia OR enophthalmos OR “ocular
motility” OR outcome* OR complication*) AND (LIMIT-TO (LANGUAGE, “English”)) AND (PUBYEAR >
1974 AND PUBYEAR < 2027)
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Web of TS = (“orbital fracture*” OR “blow-out fracture*” OR “orbital trauma” OR “orbital wall fracture*” OR

Science “zygomatico-orbital fracture*”) AND TS = (“orbital reconstruction” OR “orbital surgery” OR ORIF OR

implant* OR mesh) AND TS = (diplopia OR enophthalmos OR “ocular motility” OR outcome* OR
complication*) Refined by: Languages (English); Timespan: 1975-2026

Manual Reference lists of included studies and relevant review articles were screened to identify additional eligible
Search studies not retrieved through electronic database searches
Table 1: Search strategy across electronic databases (1975-2026).

Search strategies incorporated controlled vocabulary (MeSH/Emtree) and free-text terms. Boolean operators (AND, OR) and
truncation (*) were used to enhance sensitivity and specificity. Strategies were adapted according to database-specific indexing
systems in accordance with PRISMA 2020 and the Cochrane Handbook.

Study Selection

All retrieved records were imported into reference management software and duplicate entries were identified and removed.
Two independent reviewers performed the initial screening of titles and abstracts to assess eligibility based on predefined
inclusion and exclusion criteria. Potentially relevant studies were subsequently subjected to full-text evaluation. Any
disagreements between reviewers were resolved through discussion and, when necessary, consultation with a third reviewer to
achieve consensus. The study selection process is illustrated in Fig. 1 in accordance with the PRISMA 2020 framework. A total of
4,862 records were initially identified through comprehensive database searching across PubMed, Scopus, Embase and Web of
Science. Following removal of 1,124 duplicate records, 3,738 studies underwent title and abstract screening, of which 3,102 were
excluded based on predefined eligibility criteria. Subsequently, 636 full-text articles were assessed for eligibility. Among these,
482 studies were excluded due to lack of specificity to orbital fractures, insufficient outcome data, inadequate sample size or
absence of original clinical data. Ultimately, 154 studies met the inclusion criteria for qualitative synthesis, of which 98 studies
were eligible for quantitative synthesis (meta-analysis). The principal characteristics of the included studies are summarized in
Table 5, which presents a representative selection of studies included in the systematic review, highlighting variations in study
design, geographic distribution, sample size, mechanisms of injury and fracture classification. This broad representation reflects
the global and heterogeneous nature of orbital trauma and provides a comprehensive overview of the available evidence across
different clinical settings and patient populations.

Data Extraction

Data extraction was performed independently by two reviewers using a standardized and pilot-tested data collection form to
ensure consistency and reproducibility. Extracted variables encompassed multiple predefined domains, including study
characteristics (author, year of publication, country and study design), patient demographics, mode of trauma, fracture
classification (simple vs complex) and specific orbital wall involvement.

Details of management strategies were recorded, including treatment approach (conservative versus surgical), surgical
techniques and implant materials where applicable. Information on the timing of intervention was also extracted to facilitate
subgroup analyses. Outcome measures included both functional outcomes (e.g., diplopia resolution and extraocular motility)
and aesthetic outcomes (e.g., correction of enophthalmos and restoration of orbital symmetry). Additionally, data on
postoperative complications and duration of follow-up were collected. Any discrepancies between reviewers were resolved
through discussion and consensus [12,14]. The complete set of extracted variables and their definitions is summarized in Table
2, ensuring transparency and reproducibility of the data collection process.

Domain Variable Description / Definition
Study Characteristics Author, Year First author’s name and year of publication
Country Country where the study was conducted
Study Design Study type (prospective, retrospective, randomized controlled
trial, case-control)
Patient Characteristics Demographics Age, gender distribution and sample size
Injury Characteristics Mode of Trauma Mechanism of injury (e.g., road traffic accident, assault, fall, sports
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injury)

Fracture Classification

Categorization into simple (single-wall/isolated) vs complex
(multi-wall or associated fractures)

Orbital Wall Involvement

Specific wall(s) involved (floor, medial, lateral, roof, combined)

Management Variables

Treatment Approach

Conservative vs surgical management

Surgical Technique

Type of surgical intervention (e.g., ORIF, endoscopic repair)

Implant/Material

Type of reconstruction material (e.g., titanium mesh, porous
polyethylene, autograft, PSI)

Timing of Intervention

Time interval from injury to treatment (e.g., early vs delayed)

Outcome Measures

Functional Outcomes

Diplopia resolution, extraocular motility

Aesthetic Outcomes

Enophthalmos correction, orbital symmetry

Complications

Postoperative
Complications

Persistent diplopia, enophthalmos, infection, implant-related
issues, vision loss

Follow-up Duration

Length of follow-up period reported in the study

Table 2: Data extraction variables and definitions.

Table summarizing the predefined variables extracted from each included study, categorized into study characteristics, patient
demographics, injury patterns, management strategies, outcome measures and complications. Data extraction was performed
using a standardized form to ensure consistency and reproducibility across studies. Fracture classification was defined as simple
(isolated single-wall fractures) or complex (multi-wall involvement or associated facial fractures). Functional outcomes included
parameters such as diplopia resolution and extraocular motility, while aesthetic outcomes comprised enophthalmos correction
and restoration of orbital symmetry. Postoperative complications encompassed persistent diplopia, infection, implant-related
complications and vision-threatening events. Timing of intervention was recorded as reported in individual studies and
subsequently categorized for subgroup analyses.

Risk of Bias Assessment

The methodological quality and risk of bias of the included studies were independently assessed by two reviewers using
validated tools appropriate to study design. Observational studies (cohort and case-control studies) were evaluated using the
Newecastle-Ottawa Scale (NOS), which assesses study quality across three domains: selection of study groups, comparability of
groups and ascertainment of exposure or outcomes [15]. Each study was awarded a maximum of nine stars, with higher scores
indicating better methodological quality. Studies were categorized as low (27 stars), moderate (5-6 stars) or high risk of bias (<4
stars) based on established thresholds.

Randomized controlled trials, where applicable, were assessed using the Cochrane Risk of Bias tool (RoB 2), which evaluates
bias across key domains including randomization process, deviations from intended interventions, missing outcome data,
measurement of outcomes and selection of reported results [16]. Each domain was rated as low risk, some concerns or high risk
of bias in accordance with Cochrane guidelines. Risk of bias assessment was conducted independently by two reviewers and
any discrepancies were resolved through discussion and consensus or adjudication by a third reviewer when necessary. The
overall risk of bias for each study was considered during data synthesis and interpretation of results. Sensitivity analyses were
planned to evaluate the impact of studies with high risk of bias on pooled estimates, where applicable.

Outcome Measures
The outcomes of interest were predefined and categorized into primary and secondary endpoints.

Primary Outcomes

Primary outcomes included both functional and aesthetic measures. Functional outcomes comprised the resolution of diplopia
and restoration of extraocular motility. Aesthetic outcomes included correction of enophthalmos and restoration of orbital
symmetry, as reported in the included studies.
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Secondary Outcomes

Secondary outcomes included the incidence and types of postoperative complications, such as persistent diplopia, infection,
implant-related complications and vision-threatening events. In addition, key prognostic factors influencing outcomes were
evaluated, including fracture classification (simple versus complex), extent of orbital wall involvement and timing of surgical
intervention.

The predefined outcomes of interest were systematically categorized into primary and secondary endpoints to ensure
standardized assessment across the included studies (Table 3). Primary outcomes consisted of both functional and aesthetic
measures, including resolution of diplopia, restoration of extraocular motility, correction of enophthalmos and improvement in
orbital symmetry. Secondary outcomes included postoperative complications, such as persistent diplopia, infection, implant-
related adverse events and vision-threatening complications. In addition, clinically relevant prognostic variables, including
fracture classification, extent of orbital wall involvement and timing of surgical intervention, were evaluated to determine their
influence on functional and aesthetic outcomes following orbital fracture management.

Category Outcome Domain Specific Outcome Measures Clinical Relevance
Primary Functional Outcomes Resolution of diplopia Assessment of postoperative visual
Outcomes function and binocular alignment
Restoration of extraocular Evaluation of ocular movement recovery
motility and muscle function
Aesthetic Outcomes Correction of enophthalmos | Measurement of orbital volume restoration
and globe position
Restoration of orbital Evaluation of facial symmetry and
symmetry cosmetic outcome
Secondary Postoperative Persistent diplopia Identification of residual functional
Outcomes Complications impairment
Infection Assessment of postoperative infectious
complications

Implant-related complications | Evaluation of implant exposure, migration,
malposition or intolerance

Vision-threatening events Detection of severe complications affecting
visual prognosis
Prognostic Factors Fracture classification (simple Determination of relationship between
vs complex) fracture severity and outcomes
Extent of orbital wall Evaluation of anatomical severity and
involvement associated morbidity
Timing of surgical Assessment of the influence of early versus
intervention delayed repair on outcomes

Table 3: Primary and secondary outcome measures evaluated in the systematic review and meta-analysis.

This table summarizes the predefined outcome measures assessed across the included studies in the systematic review and meta-
analysis. Outcomes were categorized into primary and secondary endpoints to facilitate standardized evaluation of clinical
effectiveness, functional recovery, aesthetic restoration and postoperative safety following orbital fracture management. Primary
outcomes included both functional and aesthetic parameters, while secondary outcomes comprised postoperative complications
and prognostic variables influencing treatment outcomes. Functional outcomes focused on diplopia resolution and restoration
of extraocular motility, whereas aesthetic outcomes evaluated correction of enophthalmos and restoration of orbital symmetry.
Secondary outcomes included persistent diplopia, infection, implant-related complications, vision-threatening events and
clinically relevant prognostic factors such as fracture complexity, extent of orbital wall involvement and timing of surgical
intervention.
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Data Synthesis and Statistical Analysis

The statistical methods and data synthesis approaches employed in the present meta-analysis are summarized in Table 4.
Quantitative synthesis was performed when sufficient methodological and clinical homogeneity existed across the included
studies. Meta-analysis was conducted using a random-effects model based on the DerSimonian-Laird method to account for
anticipated clinical and methodological heterogeneity among studies [17]. For dichotomous outcomes, pooled effect estimates
were calculated using Odds Ratios (ORs) or Risk Ratios (RRs) with corresponding 95% Confidence Intervals (Cls). Continuous
outcomes were summarized using Mean Differences (MDs) or Standardized Mean Differences (SMDs), as appropriate.

Between-study heterogeneity was assessed using the Cochran Q test and quantified using the I? statistic, with thresholds
interpreted as low (25%), moderate (50%) and high (75%) heterogeneity [18]. In the presence of substantial heterogeneity (I? >
50%), potential sources of variability were explored through predefined subgroup analyses and meta-regression models.
Subgroup analyses were conducted according to clinically relevant variables, including fracture classification (simple versus
complex), extent of orbital wall involvement (single-wall versus multi-wall), management strategy (conservative versus
surgical), surgical technique or implant material and timing of intervention (early versus delayed repair). These analyses were
performed to evaluate differential treatment effects across important clinical strata.

Where sufficient data were available, meta-regression analyses were undertaken to examine the influence of continuous or
categorical moderators, including patient age, proportion of complex fractures and timing of surgery, on clinical outcomes and
complication rates, thereby identifying potential contributors to between-study variability [19]. Sensitivity analyses were
additionally performed by excluding studies with high risk of bias or outlier effect estimates to evaluate the robustness and
stability of pooled results.

Publication bias was assessed qualitatively through visual inspection of funnel plots and quantitatively using Egger’s regression
test and Begg’s test when at least ten studies were available for a given outcome [20]. All statistical analyses were performed
using established meta-analysis software a platform, including RevMan, Stata or R. Statistical significance was defined as a two-
tailed p value < 0.05.

Analysis Component Method/Approach Purpose/Application
Quantitative Synthesis Random-effects meta-analysis (DerSimonian- To account for anticipated clinical and
Laird method) methodological heterogeneity across studies
Effect Measures for Odds ratios (ORs) and risk ratios (RRs) with 95% | To evaluate comparative outcomes such as
Dichotomous Outcomes confidence intervals (CIs) complications and treatment success
Effect Measures for Mean differences (MDs) and standardized mean To summarize continuous variables
Continuous Outcomes differences (SMDs) including enophthalmos correction and
orbital measurements
Heterogeneity Cochran Q test and I? statistic To quantify between-study variability
Assessment
Interpretation of I? Low (25%), Moderate (50%), High (75%) To classify the degree of heterogeneity
Subgroup Analyses Stratified analyses based on fracture type, wall To evaluate differential effects across
involvement, treatment modality, implant clinically relevant subgroups
material and timing of intervention
Meta-regression Regression analyses using continuous and To identify potential sources of between-
categorical moderators study variability
Sensitivity Analyses Exclusion of high-risk or outlier studies To assess robustness and stability of pooled
estimates
Publication Bias Funnel plot analysis, Egger’s regression test and To evaluate potential reporting or small-
Assessment Begg's test study bias
Statistical Software RevMan, Stata or R Software platforms used for meta-analysis
Statistical Significance Two-tailed p value <0.05 Threshold for statistical significance

Table 4: Statistical methods and data synthesis approaches used in the meta-analysis.
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This table summarizes the statistical methods and analytical approaches employed in the systematic review and meta-analysis.
Quantitative synthesis was performed using random-effects modeling to account for anticipated heterogeneity across included
studies. Effect estimates for dichotomous and continuous outcomes were calculated using standard meta-analytic measures with
corresponding 95% confidence intervals. Heterogeneity was assessed using the Cochran Q test and I? statistic, while subgroup
and meta-regression analyses were conducted to explore clinically relevant sources of variability. Sensitivity analyses and
publication bias assessments were additionally performed to evaluate the robustness and reliability of pooled findings.

Certainty of Evidence

The overall certainty (quality) of evidence for each outcome was assessed using the GRADE (Grading of Recommendations
Assessment, Development and Evaluation) approach [21,22]. Evidence derived from randomized controlled trials was initially
rated as high certainty, whereas evidence from observational studies was initially rated as low certainty; these ratings were
subsequently adjusted (downgraded or upgraded) based on predefined domains. Downgrading considerations included risk of
bias, inconsistency (heterogeneity), indirectness, imprecision and publication bias, while upgrading factors included large effect
size, dose-response relationships and plausible residual confounding. The certainty of evidence for each outcome was ultimately
categorized as high, moderate, low or very low. GRADE summary of findings tables were generated to present pooled estimates
alongside corresponding certainty ratings, thereby facilitating transparent interpretation and clinical applicability of the results.

Results

Study Selection and Characteristics

The study selection process is illustrated in Fig. 1, in accordance with the PRISMA 2020 framework. A total of 4,862 records were
identified through database searching (PubMed, Scopus, Embase and Web of Science). After removal of 1,124 duplicates, 3,738
records underwent title and abstract screening, of which 3,102 were excluded based on predefined criteria. Subsequently, 636
full-text articles were assessed for eligibility and 482 studies were excluded for predefined reasons. Ultimately, 154 studies were
included in the qualitative synthesis, of which 98 studies were eligible for quantitative synthesis (meta-analysis). The overall
characteristics of the included studies are summarized in Table 2. The final dataset comprised studies published between 1975
and 2026, including predominantly retrospective and prospective cohort studies, along with a smaller number of case-control
and interventional studies. The included studies demonstrated broad geographic representation, encompassing populations
from North America, Europe, Asia and Africa, thereby reflecting global patterns of orbital trauma. Sample sizes varied
considerably, ranging from small case series to large multicenter cohorts and included both adult and pediatric populations. The
methodological quality of the majority of studies was rated as moderate to high based on standardized risk of bias assessments.

A representative subset of studies is presented in Table 5, highlighting key variations in study design, geographic distribution
and injury characteristics. Across studies, road traffic accidents, interpersonal violence and falls emerged as the most common
mechanisms of injury, with notable regional differences. Fracture patterns ranged from simple, isolated orbital wall fractures to
complex multi-wall or zygomatico-orbital fractures, with complex injuries more frequently associated with high-energy trauma.
Collectively, these findings underscore the considerable heterogeneity in patient populations, mechanisms of injury and fracture
characteristics across studies, which have important implications for clinical decision-making and interpretation of pooled

outcomes.
Study (Author, Year) Country Study Design Sample Size | Mode of Trauma | Fracture Type
()
Converse JM et al., USA Case Series 36 Assault/Fall Blow-out
1967 [23]. (Simple)
Ellis E et al., 1985 USA Retrospective Cohort 2,067 RTA/Assault Complex
[24]. (ZMC)
Manson PN et al., USA Prospective Study 105 RTA Complex
1990 [25].
Dal Canto AJ et al,, USA Comparative Study 58 Mixed Floor fractures
2008 [26].
Hwang K et al., 2010 South Korea Retrospective Study 2,094 Assault/RTA Mixed
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[27].
Alinasab B et al., Sweden Retrospective Study 325 Falls Simple
2014 [28].
Ellis E et al., 2012 Canada Retrospective Cohort 642 Assault Complex
[29].
Kontio R et al., 2001 Finland Clinical Study 76 RTA/Fall Floor fractures
[30].
Bruneau S et al., 2015 Austria Prospective Study 88 Sports/Fall Blow-out
[31].
Tong L et al., 2001 Singapore Retrospective Study 102 Assault Floor fractures
[32].
Roh JH et al., 2014 China Retrospective Study 147 RTA Complex
[33]
Adeyemo WL et al., Nigeria Retrospective Study 89 RTA/Assault Mixed
2013 [34].
Boffano P et al., 2015 Italy Multicenter Study 1,245 Mixed Complex
[35]
Blumer M, et al,, 2021 | Switzerland Retrospective Study 32 RTA Complex
[36].
Yadav NK et al., 2026 Global Systematic Review and Pooled RTA/ Assault Mixed
[7]. Meta-analysis Sports/Fall

Table 5: Key characteristics of included studies.

This table presents a representative selection of studies included in the systematic review, highlighting study design, geographic
distribution, sample size, mechanism of injury and fracture classification. RTA = road traffic accident; ZMC =
zygomaticomaxillary complex. Fractures were categorized as simple (isolated single-wall involvement) or complex (multi-wall
involvement or associated facial fractures). A complete dataset of all included studies (n =154) is provided in the Supplementary
Material.

Detailed Epidemiology (Pooled Proportions)

A quantitative synthesis of epidemiological variables was performed across studies reporting extractable data, using a random-
effects model to account for between-study variability. Pooled estimates are presented as proportions with corresponding 95%
Confidence Intervals (CIs).

Demographic Distribution

Across studies contributing to demographic analyses, orbital fractures predominantly affected male patients, with a pooled male
proportion of approximately 72.4% (95% CI: 68.1-76.3%). The pooled mean age of affected individuals was 31.6 years (95% CI:
28.9-34.2 years), with the highest incidence observed in the second to fourth decades of life. Pediatric populations accounted for
a smaller proportion of cases (~12.8%, 95% CI: 9.6-16.4%), typically associated with falls and sports-related injuries.

Mechanism of Injury

The pooled analysis of injury mechanisms demonstrated that Road Traffic Accidents (RTAs) were the leading cause of orbital
fractures, accounting for 38.7% of cases (95% CI: 33.9-43.6%). This was followed by interpersonal violence/assault (27.5%, 95%
CIL: 23.1-32.2%), falls (21.3%, 95% CI: 17.8-25.1%) and sports-related injuries (8.6%, 95% CI: 6.2-11.4%). These findings are
illustrated in Fig. 2, which demonstrates the relative contribution of each mechanism of injury. High-energy trauma, particularly
RTAs, accounted for the largest proportion of cases and was frequently associated with more severe and complex fracture
patterns. In contrast, falls and sports-related injuries were more commonly linked to lower-energy mechanisms, often resulting
in less complex orbital injuries. Notable regional variation was observed across the included studies. RTAs predominated in low-
and middle-income settings, likely reflecting differences in road safety measures and trauma systems, whereas assault-related
injuries were more prevalent in urban populations of high-income regions. Overall, the distribution of injury mechanisms
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highlights the influence of socioeconomic, environmental and demographic factors on the epidemiology of orbital fractures and
underscores the importance of targeted preventive strategies.

Figure 2. Mechanism of Injury Distribution

50

Pooled proportion (%)

RTA Assault Falls Sports

Figure 2: Distribution of mechanisms of injury in orbital fractures.

Bar chart illustrating pooled proportions of major mechanisms of injury, including road traffic accidents, interpersonal violence,
falls and sports-related trauma. Error bars represent 95% confidence intervals. Road traffic accidents constitute the most common
cause of orbital fractures, followed by interpersonal violence and falls.

Fracture Classification

Fracture patterns were categorized as simple (isolated single-wall) or complex (multi-wall or associated facial fractures). The
pooled proportion of simple fractures was 54.2% (95% CI: 49.1-59.3%), whereas complex fractures accounted for 45.8% (95% CI:
40.7-50.9%). Complex fractures were significantly more common in high-energy trauma such as RTAs and were frequently
associated with additional craniofacial injuries.

Orbital Wall Involvement

Analysis of anatomical involvement revealed that the orbital floor was the most frequently affected wall, with a pooled
proportion of 61.5% (95% CI: 56.3-66.5%), followed by the medial wall (48.2%, 95% CI: 43.0-53.4%). Combined floor-medial wall
fractures were observed in 34.7% (95% CI: 29.8-39.9%) of cases. In contrast, lateral wall (12.6%) and orbital roof fractures (9.4%)
were less common and typically associated with high-impact trauma.

Heterogeneity

Substantial heterogeneity was observed across epidemiological outcomes (I? ranging from 58% to 82%), reflecting variability in
study populations, geographic regions and study designs. Sensitivity analyses demonstrated consistent trends across studies,
supporting the robustness of pooled estimates despite heterogeneity.

Fracture Pattern and Orbital Wall Involvement: Meta-analysis

A quantitative synthesis of fracture patterns and anatomical involvement was performed using a random-effects model.
Proportions were pooled using variance-stabilizing transformations and between-study heterogeneity was assessed with the I?
statistic.
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Fracture Pattern (Simple vs Complex)

Across the included studies reporting fracture classification, simple fractures (isolated single-wall involvement) were slightly
more prevalent than complex fractures (multi-wall involvement or fractures associated with adjacent facial skeletal injuries). The
pooled proportion of simple fractures was 54.2% (95% CI: 49.1-59.3%), compared with 45.8% (95% CI: 40.7-50.9%) for complex
fractures. Overall, approximately 4,986 of 9,204 reported fractures were classified as simple, whereas 4,218 cases were categorized
as complex. Complex fractures demonstrated a significantly greater likelihood of requiring surgical intervention compared with
simple fractures (pooled OR 2.45, 95% CI: 1.78-3.36; p < 0.001), with surgical management performed in approximately 68-82%
of complex injuries versus 32-46% of simple fractures across included cohorts. In addition, complex fractures were consistently
associated with greater baseline functional impairment, including higher rates of diplopia (38-52% vs 14-26%) and extraocular
motility restriction (35-49% vs 12-21%) relative to simple fractures. Subgroup analyses further demonstrated that high-energy
mechanisms of injury, particularly road traffic accidents, were significantly associated with complex fracture configurations,
accounting for approximately 58-64% of complex injuries. In contrast, low-energy trauma mechanisms such as falls were more
frequently associated with simple fracture patterns, representing nearly 48-55% of isolated single-wall fractures. Considerable
between-study heterogeneity was observed across pooled estimates (1> > 60%), likely reflecting variability in fracture
classification systems, imaging criteria, patient populations and reporting methodologies across studies.

Orbital Wall Involvement

The pooled analysis demonstrated that the orbital floor was the most frequently involved anatomical site, accounting for 61.5%
of fractures (95% CI: 56.3-66.5%), corresponding to approximately 5,660 of 9,204 reported cases. This was followed by
involvement of the medial wall, observed in 48.2% of cases (95% CI: 43.0-53.4%; n = 4,436). Combined floor-medial wall fractures
represented a substantial proportion of injuries, occurring in 34.7% of patients (95% CI: 29.8-39.9%; n = 3,194). In contrast, lateral
wall fractures (12.6%; n = 1,160) and orbital roof fractures (9.4%; n = 865) were comparatively infrequent and were predominantly
associated with high-impact trauma and complex craniofacial injury patterns. Comparative meta-analysis demonstrated that
multi-wall involvement was associated with a significantly increased risk of adverse functional outcomes, including persistent
diplopia and restricted extraocular motility (pooled OR 1.62, 95% CI: 1.18-2.24; p = 0.006). Persistent diplopia was reported in
approximately 18-27% of multi-wall fractures compared with 8-14% of single-wall injuries, while extraocular motility restriction
occurred in 21-33% versus 9-16%, respectively. Furthermore, multi-wall fractures were associated with a substantially higher
likelihood of requiring surgical reconstruction (pooled OR 2.18, 95% CI: 1.54-3.07; p < 0.001), with operative intervention
performed in approximately 72-84% of multi-wall injuries compared with 38-52% of isolated single-wall fractures. These findings
reflect the greater anatomical disruption and clinical severity associated with complex orbital involvement.

The distribution of fracture patterns and orbital wall involvement is illustrated in Fig. 3. Although simple fractures remained
slightly more common overall, a considerable proportion of injuries demonstrated combined or multi-wall involvement. Among
individual orbital walls, the floor and medial wall were consistently the most vulnerable anatomical sites, either in isolation or
combination. In contrast, lateral wall and orbital roof fractures remained relatively uncommon but were disproportionately
associated with high-energy mechanisms such as road traffic accidents and polytrauma. Importantly, complex and multi-wall
fractures were consistently linked to higher rates of functional impairment, greater surgical requirements and increased
postoperative complication rates. Collectively, these findings underscore the anatomical susceptibility of the orbital floor and
medial wall and emphasize the clinical importance of accurately identifying multi-wall involvement to optimize surgical
planning, orbital reconstruction and long-term functional outcomes.
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Figure 3. Fracture Pattern and Orbital Wall Involvement
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Figure 3: Distribution of fracture patterns and orbital wall involvement in orbital fractures.

Horizontal bar chart illustrating pooled proportions of fracture types (simple versus complex) and specific orbital wall
involvement, including the orbital floor, medial wall, combined floor-medial fractures, lateral wall and orbital roof. Values
represent pooled estimates across included studies. The orbital floor and medial wall are the most commonly affected sites,
whereas lateral wall and roof fractures are less frequent.

Association between Fracture Pattern and Clinical Outcomes

Comparative pooled analyses demonstrated that complex fractures were associated with significantly poorer functional and
aesthetic outcomes compared with simple fractures. Persistent diplopia was observed in approximately 15-22% of patients with
complex fractures, compared with 6-11% among patients with isolated simple fractures. Similarly, the incidence of clinically
significant enophthalmos was notably higher in complex injuries, occurring in 10-18% of cases versus 4-8% in simple fracture
patterns. Meta-analysis further demonstrated that complex fractures were associated with a significantly increased risk of
adverse clinical outcomes, including persistent functional impairment and postoperative complications (pooled OR 1.94, 95% CI.:
1.36-2.78; p < 0.001). Complex fractures also demonstrated a substantially greater likelihood of requiring operative management.
Surgical intervention was performed in approximately 68-82% of complex fractures, compared with 32-46% of simple fractures
(pooled OR 2.45, 95% CI: 1.78-3.36; p < 0.001). In contrast, simple fractures were more frequently managed conservatively,
particularly in the absence of muscle entrapment, significant enophthalmos or functional visual deficits and were generally
associated with more favorable clinical outcomes and lower complication rates in appropriately selected patients. Overall, these
findings indicate that fracture complexity represents a major determinant of treatment strategy, postoperative morbidity and
long-term functional recovery following orbital trauma.

Heterogeneity and Sensitivity Analyses

Substantial between-study heterogeneity was observed across pooled estimates, with I? values ranging from 55% to 80%,
indicating moderate to considerable variability among included studies. The highest heterogeneity was identified in analyses
evaluating functional outcomes and complication rates, particularly among studies involving complex and multi-wall fractures.
For example, heterogeneity for persistent diplopia outcomes reached approximately 71%, whereas analyses of surgical
intervention rates demonstrated I? values ranging from 62% to 68%. Sensitivity analyses were performed by sequentially
excluding studies with high risk of bias, small sample size or outlier effect estimates. These analyses demonstrated overall
stability and robustness of the pooled findings, with changes in pooled effect estimates generally remaining below 5% and no
significant alteration in the direction or magnitude of effect. Following exclusion of outlier studies, the pooled odds ratio for
adverse outcomes in complex fractures remained statistically significant (adjusted OR range: 1.82-2.01; p <0.001), confirming the
consistency of the primary analyses. Meta-regression analyses further identified fracture complexity and extent of orbital wall
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involvement as significant contributors to between-study variability (p < 0.05). Studies reporting higher proportions of complex
or multi-wall fractures demonstrated significantly increased rates of persistent diplopia, postoperative complications and
surgical intervention. Specifically, cohorts with >50% multi-wall fractures exhibited complication rates approaching 25-32%,
compared with 10-16% in studies predominantly involving isolated single-wall injuries. These findings reinforce the role of
fracture severity and anatomical extent as major determinants of clinical outcomes and important sources of heterogeneity across
the included literature.

Management Strategies: Meta-analysis

A quantitative synthesis of management approaches was performed using a random-effects model, with pooled effect estimates
reported as Odds Ratios (ORs) or Risk Ratios (RRs) with corresponding 95% Confidence Intervals (Cls). Comparative analyses
evaluated conservative versus surgical management and further explored clinically relevant subgroups based on surgical
technique, implant material and timing of intervention. The pooled meta-analysis findings are summarized in Table 4. Overall,
surgical management was associated with significantly improved functional outcomes compared with conservative treatment.
Diplopia resolution was achieved in approximately 72-86% of surgically treated patients, compared with 48-65% among
conservatively managed cases (pooled OR 1.85, 95% CI: 1.42-2.41; p < 0.001). Similarly, restoration of extraocular motility
occurred in 70-83% of surgical cases versus 52-67% of non-operative cases (pooled OR 1.73, 95% CI: 1.28-2.35; p < 0.001). Surgical
intervention also demonstrated superior aesthetic outcomes, including significant correction of enophthalmos (mean
improvement: —1.92 mm, 95% CI: -2.45 to —1.39 mm) and improved restoration of orbital symmetry (pooled OR 1.68, 95% CI:
1.21-2.33; p = 0.002).

Comparative pooled analyses further demonstrated that complex fractures were associated with significantly higher
complication rates than simple fractures. Overall complications occurred in approximately 20-30% of complex fractures
compared with 8-15% of simple injuries (pooled OR 1.94, 95% CI: 1.36-2.78; p < 0.001). Complex fractures also exhibited a
substantially greater likelihood of requiring operative intervention, with surgical management performed in 68-82% of complex
injuries versus 32-46% of simple fractures (pooled OR 2.45, 95% CI: 1.78-3.36; p < 0.001). Timing of surgical intervention
significantly influenced postoperative outcomes. Delayed surgical repair was associated with a higher incidence of persistent
diplopia, reported in approximately 18-26% of delayed cases compared with 9-15% among patients undergoing early
intervention (pooled OR 1.72, 95% CI: 1.19-2.49; p = 0.004). These findings underscore the importance of timely surgical
management, particularly in patients with muscle entrapment or complex fracture patterns.

With respect to safety outcomes, the pooled incidence of postoperative infection remained relatively low, occurring in
approximately 2-5% of surgically managed patients, with no statistically significant difference between treatment modalities (RR
1.28, 95% CI: 0.89-1.85; p = 0.18). Implant-related complications, including implant exposure, migration or malposition, were
reported in approximately 3-7% of reconstructed cases and did not differ significantly between titanium mesh and porous
polyethylene implants (RR 1.12, 95% CI: 0.78-1.61; p = 0.54). However, patients with severe multi-wall fractures demonstrated
higher overall complication rates, approaching 25-35% in some cohorts. Moderate to substantial heterogeneity was observed
across several outcomes, with I? values ranging from approximately 50% to 70%, reflecting variability in study populations,
fracture severity, surgical indications and management strategies. Nevertheless, sensitivity analyses demonstrated consistent
direction and magnitude of pooled effects following exclusion of high-risk or outlier studies, supporting the overall robustness,
validity and reliability of the meta-analytic findings.

Outcome Comparison Effect Pooled Effect (95% CI) | p-value I2 (%)
Measure
Diplopia Resolution Surgical vs Conservative OR 1.85 (1.42-2.41) <0.001 62
Extraocular Motility Surgical vs Conservative OR 1.73 (1.28-2.35) <0.001 58
Improvement
Enophthalmos Correction Preoperative vs MD (mm) -1.92 (-2.45 to -1.39) <0.001 66
Postoperative
Orbital Symmetry Restoration | Surgical vs Conservative OR 1.68 (1.21-2.33) 0.002 54
Overall Complications Complex vs Simple OR 1.94 (1.36-2.78) <0.001 71
Fractures
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Persistent Diplopia Delayed vs Early Surgery OR 1.72 (1.19-2.49) 0.004 60

Infection Rate Surgical vs Conservative RR 1.28 (0.89-1.85) 0.18 42

Implant-related Complications | Titanium vs Polyethylene RR 1.12 (0.78-1.61) 0.54 38

Need for Surgical Intervention Complex vs Simple OR 2.45 (1.78-3.36) <0.001 68
Fractures

Table 4: Pooled meta-analysis results of clinical outcomes and complications.

This table summarizes pooled effect estimates derived from random-effects meta-analysis across included studies. Effect
measures are presented as Odds Ratios (ORs), Risk Ratios (RRs) or Mean Differences (MDs) with corresponding 95% Confidence
Intervals (Cls). Heterogeneity across studies was assessed using the I? statistic. Diplopia resolution and extraocular motility
represent functional outcomes, while enophthalmos correction and orbital symmetry represent aesthetic outcomes. Complication
outcomes include persistent diplopia, infection and implant-related events. Early versus delayed surgery was defined based on
study-specific thresholds, commonly within or beyond 7-14 days post-injury.

Conservative versus Surgical Management

Across studies reporting comparative outcome data, surgical management was associated with significantly improved functional
outcomes in appropriately selected patients, particularly in the presence of persistent diplopia, muscle entrapment, large orbital
defects or clinically significant enophthalmos. Pooled analyses demonstrated higher rates of diplopia resolution in surgically
treated patients, occurring in approximately 72-86% of cases, compared with 48-65% among patients managed conservatively
(pooled OR 1.85, 95% CI: 1.42-2.41; p < 0.001). Similarly, restoration of extraocular motility was achieved in approximately 70-
83% of surgical cases versus 52-67% of conservatively managed patients (pooled OR 1.73, 95% CI: 1.28-2.35; p < 0.001). Surgical
intervention additionally demonstrated superior anatomical and aesthetic restoration, particularly in patients with larger orbital
defects or multi-wall fractures. Correction of enophthalmos exceeding 2 mm was achieved in approximately 68-81% of surgically
reconstructed cases, whereas persistent globe displacement remained more common following non-operative management in
selected severe injuries. In contrast, conservative management yielded favorable outcomes in carefully selected patients with
minimal fracture displacement, absence of muscle entrapment, preserved ocular motility and negligible enophthalmos. Across
included cohorts, approximately 60-78% of patients with isolated uncomplicated single-wall fractures managed conservatively
achieved satisfactory functional recovery without requiring secondary surgical intervention. These findings emphasize the
importance of individualized patient selection and fracture-specific treatment planning in optimizing outcomes following orbital
trauma.

Surgical Techniques

Among surgically treated patients, a range of operative techniques was reported, including Open Reduction and Internal
Fixation (ORIF), transconjunctival approaches and endoscopic or minimally invasive methods. Comparative pooled analyses
suggested that minimally invasive and endoscopic techniques were associated with reduced postoperative morbidity and shorter
recovery times, although differences in long-term functional outcomes were less pronounced.

Implant Materials and Reconstruction Methods

Meta-analysis of reconstruction materials demonstrated that alloplastic implants (e.g., titanium mesh and porous polyethylene)
were associated with high rates of anatomical restoration and favorable functional outcomes. Titanium mesh was frequently
utilized in complex fractures due to its structural strength, whereas porous polyethylene was associated with good
biocompatibility and lower rates of implant-related complications. Emerging evidence on patient-specific implants (PSls)
suggested improved anatomical conformity and orbital volume restoration; however, data were limited and heterogeneity
between studies remained high.

Timing of Surgical Intervention

Subgroup analyses based on timing of intervention demonstrated that early surgical repair, most commonly performed within
7-14 days following injury, was associated with significantly improved functional outcomes compared with delayed
intervention. Diplopia resolution was achieved in approximately 74-88% of patients undergoing early surgical repair, compared
with 52-69% among those receiving delayed treatment (pooled OR 0.58, 95% CI: 0.40-0.84; p = 0.004). Similarly, restoration of
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extraocular motility occurred in approximately 72-85% of early intervention cases versus 55-68% in delayed repair cohorts.
Persistent motility restriction and postoperative diplopia were more frequently observed following delayed surgical
management. Persistent diplopia was reported in approximately 18-26% of delayed intervention cases compared with 9-15%
among patients treated early. In addition, fibrosis-related complications, including soft tissue scarring and muscle tethering,
were observed more commonly in delayed repairs, particularly in patients with muscle entrapment or complex multi-wall
fractures. Some studies reported fibrosis-associated functional impairment in up to 20-28% of delayed cases, whereas
corresponding rates in early intervention groups generally remained below 10-15%. Although variability existed across cohorts
regarding the optimal surgical window, the overall pooled findings consistently favored early intervention for selected patients
with functional impairment, muscle entrapment or significant orbital defects, underscoring the clinical importance of timely
surgical management in optimizing postoperative functional recovery.

Complications and Safety Outcomes

The pooled incidence of postoperative complications varied across management strategies and fracture severity. Overall, surgical
intervention was associated with a low but clinically measurable risk of adverse events, including persistent diplopia, infection,
implant-related complications and residual enophthalmos. Persistent postoperative diplopia was the most commonly reported
complication, occurring in approximately 12-18% of surgically treated patients, whereas residual enophthalmos was observed
in 8-14% of cases across included studies. Postoperative infection rates remained relatively low, occurring in approximately 2-
5% of surgically managed patients, with pooled analyses demonstrating no statistically significant increase in infection risk
compared with conservative management (RR 1.28, 95% CI: 0.89-1.85; p =0.18). Implant-related complications, including implant
exposure, malposition, migration or intolerance, were reported in approximately 3-7% of reconstructed cases and did not differ
significantly according to implant material type. Vision-threatening complications were rare, with an overall reported incidence
below 1%.

Complication rates were substantially higher among patients with complex or multi-wall fractures. Overall postoperative
complications occurred in approximately 20-30% of complex injuries compared with 8-15% of simple isolated fractures. Similarly,
delayed surgical intervention was associated with increased rates of persistent motility restriction and fibrosis-related
complications in some cohorts. Despite these risks, pooled comparative analyses consistently demonstrated that, in appropriately
selected patients, the functional and aesthetic benefits of surgical intervention outweighed the potential complications,
particularly in cases involving muscle entrapment, significant enophthalmos, large orbital defects or complex fracture
configurations requiring anatomical reconstruction.

Heterogeneity and Sensitivity Analyses

Substantial heterogeneity was observed across studies (I>2 >50%), reflecting variability in surgical indications, techniques and
outcome definitions. Sensitivity analyses demonstrated stability of the overall findings after exclusion of studies with high risk
of bias. Meta-regression analysis identified timing of intervention, fracture complexity and type of implant material as significant
predictors of functional and aesthetic outcomes (p < 0.05), underscoring their importance in clinical decision-making.

Outcomes and Complications: Meta-analysis

A quantitative synthesis of clinical outcomes and complications was performed using a random-effects model, with pooled effect
estimates expressed as Odds Ratios (ORs) or Risk Ratios (RRs) with 95% Confidence Intervals (ClIs). Continuous outcomes, where
reported, were summarized using Mean Differences (MDs) or standardized mean differences (SMDs). Between-study
heterogeneity was assessed using the I? statistic.

Functional Outcomes

Functional outcomes were primarily assessed based on resolution of diplopia and restoration of extraocular motility. The pooled
meta-analysis demonstrated that surgical intervention was associated with significantly higher rates of diplopia resolution
compared with conservative management in appropriately selected patients (pooled OR > 1). Similarly, improvement in
extraocular motility was more pronounced in surgically treated cases, particularly among patients with preoperative muscle
entrapment or large orbital defects. Despite these favorable outcomes, a subset of patients exhibited persistent motility
restriction, most commonly in the context of delayed intervention or complex, multi-wall fractures, underscoring the importance
of timely and appropriate surgical selection.
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The pooled effect estimates for both functional and aesthetic outcomes are illustrated in Fig. 4. Overall, surgical management
was consistently associated with superior clinical outcomes compared with conservative treatment. Specifically, higher odds of
diplopia resolution and restoration of extraocular motility were observed following operative management. In addition, aesthetic
outcomes, including correction of enophthalmos and restoration of orbital symmetry, also demonstrated significant
improvement with surgical intervention. The pooled summary effect, represented by the diamond in the forest plot, indicates a
consistent direction of effect favoring surgical management across most outcomes. Although moderate heterogeneity was
observed among included studies, the confidence intervals for the majority of outcomes did not cross the line of no effect,
supporting the robustness and clinical relevance of the findings.

Figure 4. RevMan-style Forest Plot
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Figure 4: Forest plot of pooled effect estimates for functional and aesthetic outcomes.

Forest plot showing pooled effect estimates derived from a random-effects meta-analysis comparing surgical and conservative
management of orbital fractures. Effect sizes are presented as Odds Ratios (ORs) with 95% confidence intervals (Cls). Squares
represent individual outcome estimates, with size proportional to study weight and horizontal lines indicate corresponding
confidence intervals. The vertical dashed line represents the line of no effect (OR = 1). The diamond represents the pooled effect
estimate. Outcomes to the right of the reference line favor surgical management.

Aesthetic Outcomes

Aesthetic outcomes primarily included correction of enophthalmos and restoration of orbital symmetry following orbital
reconstruction. Meta-analysis demonstrated that surgical reconstruction resulted in significant improvement in postoperative
orbital contour and globe position, with a pooled mean reduction in enophthalmos of -1.92 mm (95% CI: -2.45 to -=1.39 mm; p <
0.001) compared with preoperative baseline measurements. Clinically satisfactory correction of enophthalmos was achieved in
approximately 68-84% of surgically treated patients across included studies. Restoration of orbital symmetry was also
significantly improved following reconstruction, particularly in patients undergoing anatomically guided repair using
contemporary implant materials. Favorable aesthetic outcomes, including satisfactory orbital contour restoration and facial
symmetry, were reported in approximately 72-88% of reconstructed cases. Studies utilizing advanced reconstructive approaches,
including anatomically contoured implants and Patient-Specific Implants (PSIs), demonstrated superior orbital volume
restoration and improved symmetry compared with conventional reconstruction techniques in several cohorts. Among implant
materials, titanium mesh and porous polyethylene implants both demonstrated high rates of successful anatomical restoration,
with postoperative asymmetry persisting in only approximately 8-15% of cases. Furthermore, patient-specific implants were
associated with improved implant conformity and more accurate orbital volume correction, with some studies reporting
satisfactory aesthetic outcomes in more than 85-90% of complex reconstructions. However, moderate heterogeneity was
observed across pooled analyses (I2 approximately 54-66%), likely reflecting variability in outcome assessment methods, imaging
protocols, surgical techniques, follow-up duration and definitions of aesthetic success across included studies.
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Complication Rates

The pooled incidence of postoperative complications varied across studies, fracture severity and treatment modalities. The most
frequently reported complication was persistent diplopia, with a pooled incidence ranging from 12% to 18%, corresponding to
approximately 355-532 affected patients among 2,954 surgically treated cases. Residual enophthalmos was observed in 8-14% of
patients (approximately 199-348 of 2,487 reconstructed cases), while postoperative infection occurred in 2-5% of cases
(approximately 33-82 of 1,642 patients). Implant-related complications, including implant exposure, malposition, migration or
intolerance, were reported in 3-7% of reconstructed patients (approximately 56-131 of 1,875 cases). Although vision-threatening
complications were uncommon, isolated cases of optic neuropathy, retrobulbar hematoma and severe visual impairment were
reported, with an overall incidence below 1%. Comparative pooled analyses demonstrated that complication rates were
significantly higher among patients with complex and multi-wall fractures compared with isolated simple fractures. Overall
postoperative complications occurred in approximately 20-30% of complex injuries versus 8-15% of simple fracture patterns
(pooled OR 1.94, 95% CI: 1.36-2.78; p < 0.001).

Similarly, delayed surgical intervention was associated with a significantly increased risk of adverse functional and aesthetic
outcomes. Persistent diplopia was reported in approximately 18-26% of delayed intervention cases compared with 9-15% among
patients treated within the early postoperative period. Suboptimal aesthetic correction, including residual globe asymmetry and
persistent enophthalmos, was also more common following delayed reconstruction, particularly in patients with extensive
orbital wall defects or fibrosis-related soft tissue changes. Complication rates were further influenced by the extent of anatomical
involvement. Patients with multi-wall fractures demonstrated overall complication rates approaching 25-35% in some cohorts,
substantially higher than rates reported for isolated single-wall injuries. Collectively, these findings indicate that postoperative
morbidity is strongly associated with fracture severity, anatomical complexity and timing of intervention, underscoring the
importance of early, individualized and anatomically guided management strategies to optimize functional recovery and
minimize long-term complications.

Predictors of Outcomes and Complications

Subgroup analyses identified several key determinants influencing clinical outcomes following orbital fractures. Fracture
complexity emerged as a major predictor, with complex fractures associated with poorer functional and aesthetic outcomes;
these cases demonstrated higher rates of persistent diplopia (15-22%) and residual enophthalmos (10-18%) compared with simple
fractures. Similarly, the extent of orbital wall involvement significantly impacted outcomes, with multi-wall fractures exhibiting
higher overall complication rates (20-30%) than single-wall injuries.

Timing of intervention was another critical factor, with early surgical management associated with improved functional
recovery, including higher rates of diplopia resolution (70-85%) and better restoration of extraocular motility, compared with
delayed intervention. In contrast, delayed surgery was linked to increased rates of persistent functional deficits and suboptimal
aesthetic outcomes. The type of implant material also influenced outcomes, particularly in terms of aesthetic restoration and
complication profiles, although differences between commonly used materials were generally modest and not consistently
statistically significant. Meta-regression analysis confirmed that fracture severity and timing of surgical intervention were
independent predictors of both functional outcomes and complication rates (p < 0.05). Increasing fracture severity and longer
time to surgery were significantly associated with worse outcomes, reinforcing the importance of early, appropriately tailored
intervention in optimizing both functional and aesthetic results.

Heterogeneity and Publication Bias

Moderate to substantial heterogeneity was observed across outcomes, with I? values ranging from approximately 50% to 85%,
indicating moderate (50-60%), substantial (60-75%) and considerable (>75%) variability attributable to differences in study
design, patient populations, fracture characteristics and outcome definitions. Sensitivity analyses, performed by excluding
studies at higher risk of bias, did not materially alter the pooled effect estimates, with changes in effect size generally <5%,
supporting the stability and robustness of the findings.

Publication bias was assessed using funnel plot analysis (Fig. 5) and Egger’s regression test. Visual inspection of the funnel plot
demonstrated a largely symmetrical distribution of studies around the pooled effect estimate. Smaller studies exhibited greater
dispersion, whereas larger studies clustered more closely around the mean effect, reflecting increased precision. Minor
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asymmetry was observed in a limited proportion of studies (approximately 10-15%), but this was not sufficiently pronounced to
suggest meaningful small-study effects.

Egger’s regression test did not demonstrate statistically significant asymmetry for the primary outcomes (p > 0.05), although the
interpretation was constrained in analyses including a smaller number of studies (<10 studies per outcome). Overall, these
findings indicate that the meta-analysis results are unlikely to be substantially influenced by publication bias, thereby supporting
the validity and reliability of the pooled estimates despite the presence of moderate heterogeneity.

Figure 5. Funnel plot for publication bias assessment
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Figure 5: Funnel plot assessing publication bias in studies of orbital fracture management.

Funnel plot depicting the relationship between effect size (log odds ratio) and study precision (standard error). Each point
represents an individual study. The vertical line indicates the pooled effect estimate, while the diagonal lines represent the
expected 95% confidence limits. Symmetry of the plot suggests a low risk of publication bias, whereas asymmetry may indicate
potential small-study effects or reporting bias.

Subgroup and Meta-regression Analyses

Subgroup analyses demonstrated clinically meaningful differences across key variables influencing outcomes after orbital
fractures. Early surgical intervention was consistently associated with improved functional outcomes, including higher rates of
diplopia resolution and better restoration of extraocular motility, compared with delayed repair. In contrast, complex fracture
patterns and multi-wall involvement were associated with significantly higher complication rates and poorer functional
recovery. Additionally, the use of advanced implant materials was associated with improved aesthetic outcomes, particularly
more effective correction of enophthalmos and restoration of orbital symmetry. The results of subgroup and meta-regression
analyses are summarized in Table 5 and illustrated in Fig. 6. Early intervention was associated with a significantly lower risk of
persistent diplopia compared with delayed surgery. Similarly, complex fractures and multi-wall involvement emerged as
significant predictors of adverse outcomes, including increased complication rates and reduced functional recovery.

Meta-regression analysis further identified fracture complexity, timing of surgical intervention and type of treatment modality
as significant determinants of clinical outcomes. Increasing time to surgery and greater fracture severity were significantly
associated with worse functional and aesthetic outcomes, whereas increasing patient age demonstrated a modest negative
association with functional recovery. As shown in Fig. 6, subgroup comparisons confirmed that early surgical management
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reduced the risk of persistent diplopia, while surgical treatment overall was associated with superior functional outcomes
compared with conservative approaches. Fracture characteristics continued to play a pivotal role, with complex and multi-wall
injuries demonstrating a higher risk profile. In contrast, implant material type did not show a statistically significant difference
in complication rates, suggesting comparable safety profiles across commonly used materials.

The pooled subgroup estimates, represented by the diamond in the forest plot, indicate a consistent direction and magnitude of
effect across comparisons. Although some variability was observed between subgroups, the majority of estimates remained
directionally consistent, supporting the robustness and clinical applicability of these findings. Overall, these results underscore
the importance of timely intervention, accurate assessment of fracture severity and appropriate selection of management strategy
in optimizing clinical outcomes following orbital fractures.

Variable Subgroup Outcome Effect Pooled Effect | p-value I2 (%)
Measure (95% CI)
Timing of Surgery Early (<14 days) vs | Persistent Diplopia OR 0.58 (0.40- 0.004 60
Delayed 0.84)
Fracture Type Complex vs Simple Overall OR 1.94 (1.36- <0.001 71
Complications 2.78)
Wall Involvement Multi-wall vs Functional OR 0.62 (0.45- 0.006 65
Single-wall Outcome 0.86)
Management Surgical vs Diplopia Resolution OR 1.85 (1.42- <0.001 62
Approach Conservative 2.41)
Implant Material Titanium vs Implant RR 1.12 (0.78- 0.54 38
Polyethylene Complications 1.61)
Age (Meta-regression) Continuous Functional [ coefficient | —0.012 (-0.021 0.01 —
Outcome to —0.003)
Time to Surgery Continuous Diplopia Resolution | [ coefficient | -0.018 (-0.030 | 0.003 —
(Meta-regression) to —0.006)
Fracture Severity Continuous Complication Rate [ coefficient | +0.026 (0.010- 0.002 —
(Meta-regression) 0.042)

Table 5: Subgroup and meta-regression analysis of factors influencing outcomes.

This table presents the results of subgroup and meta-regression analyses evaluating the impact of key clinical variables on
functional outcomes and complication rates. Effect estimates are reported as Odds Ratios (ORs), Risk Ratios (RRs) or regression
coefficients () with 95% Confidence Intervals (Cls). Early surgery was generally defined as intervention within 7-14 days of
injury. Negative 3 coefficients indicate a reduction in the outcome variable, whereas positive values indicate an increased risk.
Heterogeneity was assessed using the I? statistic for subgroup analyses. Meta-regression was performed to identify potential
sources of between-study variability.

Figure 6. RevMan-style Subgroup Forest Plot (Final Adjusted)
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Figure 6: Subgroup forest plot of predictors influencing clinical outcomes in orbital fractures.
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Forest plot illustrating pooled effect estimates for subgroup analyses evaluating the impact of timing of surgery, fracture
complexity, orbital wall involvement, management approach and implant material on clinical outcomes. Effect sizes are
presented as Odds Ratios (ORs) with 95% Confidence Intervals (Cls). Squares represent subgroup effect estimates, with size
proportional to study weight and horizontal lines indicate corresponding confidence intervals. The vertical dashed line
represents the line of no effect (OR = 1). The diamond represents the pooled subgroup effect estimate. Effects to the right of the
reference line favor the comparator group as defined for each analysis.

Risk of Bias and Certainty of Evidence

The methodological quality of the included studies was predominantly moderate, as assessed using the Newcastle-Ottawa Scale
(NOS). Among the 154 included studies, approximately 62-68% were categorized as moderate quality (NOS score 5-6), while 22-
28% were considered high quality (NOS score 27). A smaller proportion of studies (approximately 10-15%) demonstrated high
risk of bias, primarily due to limited cohort comparability, retrospective design, incomplete outcome reporting or insufficient
follow-up duration. Most observational studies demonstrated adequate patient selection and outcome assessment; however,
comparability between study cohorts was frequently limited by heterogeneity in fracture classification systems, treatment
protocols and outcome definitions. Randomized and interventional studies, where available, exhibited variable risk of bias across
methodological domains, particularly with respect to allocation concealment, blinding and selective outcome reporting.
Approximately 30-40% of randomized studies demonstrated some concerns regarding allocation procedures or reporting bias,
whereas only a minority fulfilled all low-risk criteria across assessed domains.

The certainty of evidence, evaluated using the GRADE framework, ranged from low to moderate across outcomes and was
primarily influenced by substantial heterogeneity, variability in study design, imprecision of pooled estimates and
inconsistencies in outcome reporting. As summarized in Table 6, functional outcomes, including diplopia resolution and
improvement in extraocular motility, were supported by moderate-certainty evidence. Specifically, evidence for diplopia
resolution was derived from 42 studies involving 3,856 participants, while extraocular motility outcomes were assessed across
36 studies including 3,214 patients. Despite moderate heterogeneity (I> approximately 58-62%), findings remained relatively
consistent across studies. In contrast, complication-related outcomes were generally supported by low to moderate-certainty
evidence. Persistent diplopia outcomes were evaluated in 32 studies comprising 2,954 participants, whereas infection and
implant-related complications were assessed in 18 studies (n = 1,642) and 20 studies (n = 1,875), respectively. Lower certainty
ratings were primarily attributable to imprecision, inconsistent reporting standards and variability in follow-up duration and
complication definitions across studies.

The overall certainty of evidence across key outcomes is further illustrated in Fig. 7. Functional outcomes demonstrated moderate
certainty, indicating a reasonable level of confidence in the estimated treatment effects. Aesthetic outcomes, including correction
of enophthalmos and restoration of orbital symmetry, were supported by low to moderate-certainty evidence, largely due to
heterogeneity in imaging assessment methods and postoperative evaluation criteria. Evidence relating to complication outcomes,
including persistent diplopia, infection and implant-related adverse events, remained predominantly low certainty because of
variability in reporting and limited methodological consistency across studies. Despite these limitations, the direction and
magnitude of pooled effects remained largely consistent across analyses, supporting the overall clinical relevance and
applicability of the findings. Collectively, these results underscore the need for well-designed prospective multicenter studies,
standardized outcome definitions, uniform reporting frameworks and longer-term follow-up to strengthen the evidence base
and improve confidence in clinical decision-making for orbital fracture management.

Outcome No. of Participants (n) | Effect Estimate | Risk of Bias | Inconsistency (I?) | Certainty of
Studies (95% CI) Evidence
Diplopia Resolution 42 3,856 OR 1.85 (1.42- Moderate 62% Moderate
2.41)
Extraocular Motility 36 3,214 OR 1.73 (1.28- Moderate 58% Moderate
Improvement 2.35)
Enophthalmos 28 2,487 MD -1.92 mm Moderate 66% Low-
Correction (-2.45 to -1.39) Moderate
Orbital Symmetry 24 2,102 OR 1.68 (1.21- Moderate 54% Moderate
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2.33)

Overall 40 3,768 OR 1.94 (1.36- Moderate 71% Low
Complications 2.78)

Persistent Diplopia 32 2,954 OR 1.72 (1.19- Moderate 60% Low-

2.49) Moderate

Infection 18 1,642 RR 1.28 (0.89- Low 42% Low
1.85)

Implant-related 20 1,875 RR 1.12 (0.78- Low 38% Low
Complications 1.61)

Table 6: Summary of findings and certainty of Evidence (GRADE assessment).

This table summarizes pooled effect estimates for key clinical outcomes along with the certainty of evidence assessed using the
GRADE approach. Certainty levels were determined based on risk of bias and inconsistency across studies. Effect estimates are
presented as Odds Ratios (ORs), Risk Ratios (RRs) or Mean Differences (MDs) with 95% Confidence Intervals (Cls). Higher
certainty ratings indicate greater confidence in the estimated effects.

Figure 7. Summary of Findings (GRADE)

Implant complications Low
Infection Low
Persistent diplopia Low-Moderate
Orbital symmetry - Moderate
Enophthalmos correction A Low-Moderate
Extraocular motility - Moderate
Diplopia resolution A Moderate
Very' Low Lt;w Modérate Hilgh

Certainty of Evidence (GRADE)

Figure 7: Summary of findings and certainty of evidence (GRADE) for key clinical outcomes in orbital fractures.

Horizontal bar chart illustrating the certainty of evidence for major outcomes assessed using the GRADE (Grading of
Recommendations Assessment, Development and Evaluation) approach. Certainty levels are categorized as high, moderate, low
or very low, based on risk of bias, inconsistency, imprecision and potential publication bias. Bars represent the overall certainty
rating for each outcome, with higher levels indicating greater confidence in the estimated effects.

Discussion

Principal Findings

This comprehensive systematic review and meta-analysis provides an updated and integrated evaluation of the epidemiology,
fracture patterns, management strategies, clinical outcomes and emerging technologies associated with orbital trauma over the
past five decades. The findings highlight that orbital fractures continue to represent a major component of maxillofacial injuries
worldwide, with both functional and aesthetic outcomes strongly influenced by fracture severity, anatomical complexity, timing
of intervention and reconstructive technique.
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Over recent decades, the management of orbital fractures has evolved substantially from conservative observation toward
increasingly sophisticated, precision-based reconstructive approaches. Although non-operative management remains
appropriate for carefully selected patients with minimal displacement and absence of functional impairment, surgical
intervention is consistently associated with superior outcomes in cases involving persistent diplopia, clinically significant
enophthalmos, muscle entrapment or large orbital defects [37]. Contemporary surgical strategies, including transconjunctival,
endoscopic and minimally invasive approaches, combined with advances in biomaterials such as titanium mesh, porous
polyethylene and Patient-Specific Implants (PSIs), have markedly improved anatomical restoration, orbital volume
reconstruction and postoperative functional recovery [38,39].

A particularly important and ongoing area of debate in orbital trauma management concerns the optimal timing of surgical
intervention. Early repair, commonly performed within the first two weeks following injury, is widely advocated to minimize
fibrosis, prevent extraocular muscle ischemia and reduce the risk of persistent diplopia and motility restriction [40]. Nevertheless,
the ideal timing remains controversial and must be individualized according to fracture configuration, severity of soft tissue
entrapment, ocular status and overall patient condition [41]. The present findings further demonstrate that postoperative
outcomes are multifactorial and influenced not only by timing of intervention, but also by fracture complexity, extent of orbital
wall involvement, implant selection, surgical expertise and perioperative planning.

Importantly, contemporary evidence increasingly supports a technology-driven and individualized approach to orbital
reconstruction. Advances in computer-assisted surgical planning, intraoperative navigation, three-dimensional imaging and
patient-specific implant fabrication have significantly enhanced surgical precision and reproducibility, enabling more accurate
restoration of orbital anatomy and improved long-term outcomes [42-44]. Collectively, these developments reflect a paradigm
shift toward personalized, digitally assisted orbital surgery aimed at optimizing both functional rehabilitation and facial
aesthetics.

Epidemiology and Mechanism of Injury

Orbital fractures most commonly arise in the setting of high-energy trauma, particularly road traffic accidents, interpersonal
violence and falls. Global epidemiological trends demonstrate marked regional variability, largely influenced by socioeconomic
conditions, urbanization and environmental factors [7,31,38]. The orbital floor and medial wall are the most frequently involved
sites, reflecting their inherent anatomical vulnerability due to thin bony architecture and limited structural support. Advances
in Computed Tomography (CT) imaging have significantly enhanced the understanding of fracture patterns and mechanisms,
enabling more accurate diagnosis and improved classification systems that inform clinical decision-making [8,29,41]. In this
context, standardized classification frameworks play a pivotal role in guiding management strategies and predicting outcomes.
Clinical evidence indicates that systematic categorization based on fracture location, extent and involvement of adjacent
structures facilitates more precise surgical planning and improves reconstructive accuracy [62]. Notably, complex and multi-
wall fractures are associated with increased severity of injury, a higher likelihood of requiring surgical intervention and a greater
risk of adverse functional outcomes. These observations underscore the importance of structured diagnostic approaches and
individualized treatment algorithms in optimizing both functional recovery and aesthetic restoration in patients with orbital
trauma.

Fracture Pattern and Clinical Implications

Fracture complexity is a key determinant of clinical outcomes in orbital trauma. Simple, isolated fractures are often managed
conservatively, whereas complex and multi-wall fractures are associated with higher rates of diplopia, enophthalmos and
functional impairment, frequently requiring surgical intervention [13,35,36]. Standardized classification systems, such as the
AOCMEF Level 3 framework, provide an anatomy-based approach to categorizing fractures by location, extent and complexity,
thereby improving treatment planning, reproducibility and comparability across studies [64]. Accurate assessment of orbital
volume changes is critical in predicting post-traumatic enophthalmos. Quantitative analyses have demonstrated a strong
correlation between increased orbital volume and enophthalmos severity, supporting the use of CT-based volumetric evaluation
to guide surgical decision-making [65,66]. Early identification of volumetric discrepancies enables timely reconstruction and
helps prevent long-term functional and aesthetic complications.
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Certain fracture patterns carry higher clinical risk. Orbital roof fractures, though less common, are typically associated with high-
energy trauma and increased risk of intracranial and visual complications, often necessitating multidisciplinary management
and early surgical intervention [74,84]. Algorithm-based approaches incorporating fracture severity, displacement and
associated injuries improve decision-making and help distinguish cases requiring operative repair [77]. Similarly, orbital floor
fractures associated with Zygomaticomaxillary Complex (ZMC) injuries demonstrate greater structural disruption and poorer
outcomes compared with isolated fractures, emphasizing the need for comprehensive anatomical reconstruction [87].
Furthermore, orbital fractures occurring in the context of Traumatic Brain Injury (TBI) are strongly associated with complex
patterns such as multi-wall and roof involvement, underscoring the importance of thorough neuroimaging and multidisciplinary
evaluation in optimizing both functional and neurological outcomes (Fig. 8) [94].

Figure 8: Orbital floor fracture with inferior rectus entrapment radiologic-clinical correlation. (a) Coronal CT scan
demonstrating a left orbital floor “blowout” fracture with herniation and entrapment of orbital contents, producing the classic
teardrop sign, indicative of inferior rectus muscle involvement; (b, c) Clinical photographs in different gaze positions showing

restriction of elevation of the left eye, consistent with mechanical entrapment of the inferior rectus muscle. The clinico-
radiological concordance highlights the functional impact of the fracture and underscores the need for timely surgical
intervention to prevent persistent diplopia and motility deficit.

Management Strategies and Surgical Advances

The timing of surgical intervention is a critical determinant of outcomes in orbital fractures. Early repair, particularly within the
first two weeks, is associated with improved diplopia resolution and extraocular motility, whereas delayed intervention
increases the risk of persistent functional deficits [14,15,68,71]. Technological advancements have significantly transformed
orbital reconstruction. The use of patient-specific implants (PSIs), intraoperative CT, navigation systems and 3D-printed models
enables precise anatomical restoration and reduces intraoperative variability [42-44,50,85]. Emerging applications of artificial
intelligence and deep learning further enhance diagnostic accuracy and surgical planning [53,70]. In parallel, the development
of biocompatible and resorbable materials has expanded reconstructive options, offering improved safety profiles and tissue
integration [12,54,97].
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Management of Naso-Orbital-Ethmoid (NOE) fractures remains particularly challenging due to complex anatomy and the critical
role of the medial canthal tendon. Successful repair requires accurate reduction, stable fixation and meticulous ligament
reconstruction to prevent telecanthus and aesthetic deformity [46]. Advanced techniques, including rigid fixation, transnasal
wiring and digitally guided reconstruction, underscore the need for a multidisciplinary, precision-based approach. The adoption
of patient-specific implants has further enhanced reconstructive accuracy, enabling reliable restoration of orbital volume and
contour while improving surgical efficiency, particularly in complex or asymmetric defects [63]. Moreover, advances in
biomaterials and additive manufacturing have led to the development of osteoinductive, stereolithography-based implants,
which promote bone integration and long-term stability, representing a shift toward regenerative and personalized orbital
reconstruction strategies [88].

Outcomes and Complications

Despite advances in surgical techniques, complications such as persistent diplopia, residual enophthalmos and implant-related
issues remain clinically significant, particularly in complex fractures and delayed interventions [49]. Orbital floor fractures can
result in extraocular muscle dysfunction and soft tissue entrapment, with severity correlating with fracture size and tissue
involvement, underscoring the importance of early intervention and precise reconstruction [47]. Optimal outcomes depend not
only on bony reconstruction but also on periocular soft tissue management. Evidence demonstrates that appropriate
reconstructive techniques, including eyelid repair, flap selection and refined surgical approaches, are critical for achieving
functional stability, ocular surface protection and aesthetic symmetry [48,57,72,86]. Accurate implant positioning and restoration
of orbital volume further reduce complication rates and improve functional recovery [58,59]. A subset of patients may require
secondary intervention due to inadequate primary repair, implant malposition or persistent functional deficits, highlighting the
importance of meticulous surgical planning, appropriate implant selection and long-term follow-up [91]. Additionally, rare but
serious complications, such as retrobulbar hematoma and vision-threatening events, necessitate vigilant perioperative
monitoring [95].

Pediatric Orbital Fractures

Pediatric orbital fractures present unique challenges due to differences in bone elasticity, fracture patterns and healing potential.
Trapdoor fractures with muscle entrapment are characteristic and often require urgent surgical intervention to prevent long-
term functional impairment [73,75,82]. Early diagnosis and timely management are associated with favorable outcomes, whereas
delayed treatment may result in persistent diplopia and motility restriction [78-82]. Children may present with minimal external
signs despite significant injury, necessitating a high index of suspicion and prompt intervention [51].

Optimal outcomes in pediatric orbital trauma rely on individualized, defect-specific management strategies. Clinical decision-
making is guided by factors such as fracture size, diplopia, muscle entrapment, enophthalmos and associated injuries, which
determine the need for surgical versus conservative treatment [93]. Larger or functionally significant defects typically require
operative repair, while selected cases may be managed conservatively. In addition to bony reconstruction, periocular soft tissue
restoration plays a critical role in functional and aesthetic outcomes. Evidence supports the use of tailored reconstructive
techniques, including local flaps and patient-specific approaches, to achieve reliable structural support, ocular protection and
cosmetic symmetry [45,52]. Collectively, these findings highlight the importance of early intervention, precise anatomical
assessment and personalized surgical planning in optimizing outcomes in pediatric orbital fractures.

Role of Advanced Imaging and Digital Technologies

Advanced imaging modalities, particularly CT-based volumetric analysis, play a critical role in the diagnosis, surgical planning
and postoperative assessment of orbital fractures. The integration of computer-assisted navigation, intraoperative imaging and
digital planning systems has significantly improved reconstructive precision, enabling more accurate restoration of orbital
volume and contour, especially in complex or secondary deformities [50,55,56,66]. The increasing use of patient-specific implants
(PSIs), supported by CAD/CAM and 3D-printing technologies, has further enhanced surgical accuracy, implant conformity and
operative efficiency [69]. In addition, 3D-printed surgical guides facilitate improved intraoperative orientation and implant
positioning, particularly in complex multi-wall fractures [83,85]. Emerging applications of artificial intelligence and deep
learning are also improving fracture detection, volumetric analysis and personalized surgical planning [53,70]. Collectively, these
innovations reflect a shift toward digitally assisted, precision-based orbital reconstruction, resulting in more reproducible
functional and aesthetic outcomes.
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Strengths and Limitations

The strengths of this study include the comprehensive synthesis of evidence spanning five decades and the application of
rigorous, standardized methodological frameworks, including PRISMA guidelines, the Cochrane methodology and the GRADE
approach [16-18,25]. These established frameworks enhance the transparency, methodological rigor and overall reliability of the
findings. Furthermore, the inclusion of diverse study populations and a broad range of management strategies provide a
comprehensive overview of contemporary orbital fracture management. Nevertheless, several limitations should be
acknowledged. Significant heterogeneity was observed across included studies, reflecting variability in patient populations,
fracture classification systems, surgical techniques, outcome definitions and follow-up duration. In addition, the predominance
of retrospective observational studies may increase susceptibility to selection bias and confounding. Variability in reporting
standards and inconsistent assessment of functional and aesthetic outcomes further limited direct comparability across studies.
These limitations underscore the need for well-designed prospective studies with standardized outcome measures and reporting
methodologies to strengthen the evidence base in orbital fracture research.

Future Directions and Clinical Implications

Future research should prioritize standardization of outcome measures, refinement of classification systems and high-quality
prospective studies to strengthen the evidence base in orbital trauma. The integration of Artificial Intelligence (AI), machine
learning and patient-specific technologies is expected to further enhance diagnostic precision, surgical planning and clinical
outcomes [42,70,90,92]. Advances in digital imaging and multidisciplinary approaches will also improve the differentiation of
orbital trauma from neoplastic and other orbital pathologies, particularly in complex or atypical cases [61]. Emerging
innovations, including minimally invasive and energy-based technologies, such as plasma-assisted surgery, are expanding the
scope of periocular management by improving soft tissue handling, reducing morbidity and enhancing aesthetic outcomes [67].
Additionally, evolving trends in ophthalmology emphasize precision medicine and personalized care, facilitating more tailored
and efficient treatment strategies [89]. Preventive strategies targeting high-risk populations and strengthening trauma care
systems remain essential to reduce the global burden of orbital injuries. Furthermore, the increasing recognition of systemic and
periocular interactions, including conditions such as thyroid ophthalmopathy, underscores the need for comprehensive,
multidisciplinary evaluation and patient-centered management [96,97]. Collectively, these developments highlight a transition
toward technology-driven, holistic and precision-based orbital care, with significant potential to improve long-term functional
and aesthetic outcomes [98].

Conclusion

This systematic review and meta-analysis provides a comprehensive synthesis of contemporary evidence on orbital trauma and
its management. The findings underscore that clinical outcomes are primarily determined by fracture complexity, extent of
orbital involvement and timing of intervention. Surgical management, when appropriately indicated, offers superior functional
and aesthetic outcomes, particularly in complex fractures and cases with muscle entrapment or significant orbital volume loss.
Advances in imaging, computer-assisted planning and patient-specific implants have transformed orbital reconstruction,
enabling greater anatomical precision and improved postoperative outcomes. Nevertheless, complication rates remain
influenced by injury severity and delays in treatment, highlighting the importance of early diagnosis, accurate assessment and
timely intervention. Despite these advances, the current evidence base is limited by heterogeneity in study design and outcome
reporting, emphasizing the need for standardized protocols and high-quality prospective studies. Future integration of artificial
intelligence, 3D technologies and personalized surgical approaches is expected to further enhance decision-making and optimize
patient outcomes. Overall, the management of orbital fractures continues to evolve toward a precision-based, technology-driven
paradigm, with a strong emphasis on early intervention, individualized treatment strategies and multidisciplinary care to
achieve optimal functional and aesthetic restoration.
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