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ABSTRACT

Trauma remains a leading global cause of morbidity and mortality, demanding an integrated
understanding of biomechanics, physiological responses, surgical stabilization, and long-term
functional outcomes. This review analyzes the complex continuum of trauma care by
synthesizing evidence from mechanobiological models, stabilization strategies, and functional
recovery data, incorporating perspectives from Mexico, Colombia, and Ecuador. Results
demonstrate that injury patterns are predominantly characterized by long bone fractures and
traumatic brain injury, reflecting global epidemiological trends. Early definitive fixation is more
common in resource-available settings, while staged approaches are increasingly utilized where
physiological instability or systemic barriers exist. Complication rates rise significantly when
definitive fixation is delayed beyond 72 hours, supporting established trauma physiology
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frameworks such as the systemic inflammatory response and the two-hit model. Despite
successful stabilization, long-term outcomes remain heterogeneous: while nearly half of patients
achieve full recovery, a substantial proportion experiences persistent limitations or permanent
disability. These findings emphasize that trauma care is inherently multidimensional, requiring
coordinated biomechanical, surgical, physiological, and rehabilitative strategies. Strengthening
trauma systems—especially rehabilitation access and physiologically guided surgical decision-
making—is essential for improving outcomes across Latin America

KEYWORDS

trauma care; biomechanics; mechanobiology; surgical stabilization, polytrauma physiology, damage control
orthopedics, functional recovery; Latin America; rehabilitation; operative timing

INTRODUCTION

Trauma remains one of the leading global health challenges of the 21st century, representing a major source of
mortality, long-term disability, and socioeconomic burden across high-, middle-, and low-income countries.
Epidemiological analyses estimate that traumatic injuries account for over five million deaths annually, with a
disproportionate impact on young and economically active populations, particularly in regions of Latin America,
including Mexico, Colombia, and Ecuador [2]. The increasing complexity of trauma mechanisms—ranging from high-
energy motor vehicle accidents to urban violence and occupational injuries—demands a deeper understanding of the
biomechanical principles that govern tissue disruption, fracture patterns, organ failure, and functional impairment.
These realities underscore the need for continuous, high-quality research aimed at improving prevention strategies,
acute stabilization, and long-term recovery trajectories for trauma survivors.

Foundational and contemporary literature has significantly expanded our understanding of biomechanical forces
underlying traumatic injury. Classic work on bone biomechanics has described how energy transfer, load distribution,
and structural deformation contribute to distinct fracture morphologies and patterns of tissue compromise [14].
Likewise, advancements in the comprehension of traumatic brain injury have shown that rotational acceleration, shear
forces, and microstructural deformation of neural tissues play critical roles in the onset of neurological deficits
following trauma [3]. At the spinal level, studies demonstrate that even subtle variations in mechanical instability can
precipitate severe neurological compromise, illuminating the importance of biomechanical fidelity in both diagnosis
and surgical planning [20]. These scientific contributions collectively provide the theoretical foundations that frame
the present study.

Recent evidence also highlights the systemic repercussions of trauma, particularly in the setting of polytrauma where
inflammatory responses, endothelial dysfunction, and microcirculatory collapse may culminate in multiple organ
failure—a phenomenon recognized for decades and still a major determinant of mortality [4], [11]. Models such as the
“two-hit theory” propose that the initial mechanical insult primes the immune system, rendering patients susceptible
to deleterious secondary responses triggered by surgical interventions or subsequent trauma [17]. These insights have
transformed clinical approaches to timing of surgical stabilization, promoting strategies such as damage control
orthopedics to mitigate physiological stress in critically injured individuals [16].

Parallel to the evolution of biomechanical understanding, substantial progress has been made in surgical stabilization
techniques. Intramedullary nailing, external fixation, locking plates, and hybrid constructs continue to evolve, guided
by evidence demonstrating how mechanical stability, controlled micromotion, and biological environment interact to
optimize bone healing [1], [5], [19]. Furthermore, the refinement of pelvic and long-bone stabilization methods has
expanded therapeutic windows, reduced complication rates, and improved early mobility outcomes [10], [15]. Yet,
despite these advances, functional recovery after major trauma remains highly variable. Long-term cohort studies
reveal that many survivors continue to experience persistent pain, reduced mobility, and diminished quality of life
years after the initial injury [7], [13], emphasizing the urgent need for more integrative recovery models.

The present review synthesizes biomechanical principles, modern stabilization strategies, and determinants of
functional recovery, drawing on international evidence and the clinical experiences of multidisciplinary teams across
Mexico, Colombia, and Ecuador. The central research questions guiding this article are: (1) How do biomechanical
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forces influence the pattern, severity, and healing potential of traumatic injuries? (2) In what ways have modern
surgical stabilization techniques improved clinical and functional outcomes? and (3) Which patient-, injury-, and
system-level factors most strongly predict long-term functional recovery after major trauma?

These questions emerge directly from established theoretical frameworks such as mechanobiology of fracture repair
[1], [5], systemic trauma physiology [4], [11], [17], and evidence-based orthopedic stabilization models [10], [15]. By
integrating these perspectives, the study aims to elucidate the continuum that spans injury biomechanics, surgical
decision-making, and rehabilitation in trauma care. The methodological orientation of this review aligns with these
objectives by examining current literature, comparing cross-regional clinical practices, and identifying conceptual gaps
that could guide future research and policy efforts.

Ultimately, understanding trauma through a biomechanical, surgical, and functional lens is essential for improving
outcomes in diverse clinical environments. As trauma remains a pressing public health problem across Latin America
and the world, the insights derived from this review seek to support clinicians, researchers, and policymakers in
designing more effective strategies for stabilization and recovery, while fostering international collaboration to address
shared challenges in modern trauma care.

DEVELOPMENT

Modern trauma care sits at the intersection of biomechanics, surgical decision-making, and long-term functional
recovery. Over the past decades, the traditional focus on survival has shifted toward a more integrated vision that also
considers quality of life, reintegration into society, and prevention of secondary disability. This evolution has been
driven by a better understanding of how mechanical forces cause injury, how tissues heal under different stability
conditions, and how early therapeutic choices influence functional outcomes months or even years after the initial
trauma.

From an epidemiological perspective, trauma remains one of the principal causes of death and disability worldwide,
especially in young adults and working populations. Court-Brown and McQueen highlighted the global burden of
injuries, emphasizing that trauma is not only a clinical challenge but also a socioeconomic one, particularly acute in
regions with high inequality and limited access to specialized services [2]. In Latin America, and specifically in
countries such as Mexico, Colombia, and Ecuador, road traffic collisions, interpersonal violence, and occupational
accidents converge with structural deficits in prehospital care, referral systems, and rehabilitation coverage, creating a
complex scenario for trauma systems.

At the core of trauma care lies biomechanics. Understanding how tissues fail under load is essential for interpreting
fracture patterns, spinal instability, and brain injury. Blokhuis and Frolke described how the mechanical environment
at the fracture site—strain, stiffness, and stability—directly influences the mode of bone repair and the risk of nonunion
[1]. Classical fracture healing concepts evolved substantially with the contribution of Giannoudis and colleagues, who
proposed the “diamond concept,” integrating four critical elements for bone regeneration: osteogenic cells, scaffolds,
growth factors, and mechanical stability [8]. This model moved the field beyond purely mechanical ideas, positioning
stability as one component within a broader biological and biomechanical framework.

Complementing these ideas, Einhorn and Gerstenfeld reviewed fracture healing mechanisms, emphasizing the
interplay between inflammatory, repair, and remodeling phases and the way mechanical conditions modulate each
stage [5]. Schmidt and Swiontkowski reinforced this view by linking specific stability strategies to distinct modes of
healing, such as primary versus secondary bone healing, and underlining that inadequate stability can lead to delayed
union or nonunion, while overly rigid constructs may suppress callus formation [19]. Together, these works support a
mechanobiological perspective in which surgical implants are not only “hardware” for fixation but also tools to shape
the healing environment.

Biomechanical understanding extends beyond bone. Morgan et al. examined the biomechanics of traumatic brain
injury, showing how linear and rotational accelerations, shear stress, and strain distribution in brain tissue contribute
to diffuse axonal injury and persistent neurological deficits [14]. White and colleagues studied the cervical spine,
demonstrating that even moderate alterations in segmental motion and alignment after trauma can profoundly affect
spinal cord function and long-term stability [20]. In pediatric populations, Dormans and Rang highlighted that unique
anatomical and biomechanical characteristics of growing bones and ligaments result in different fracture patterns and
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responses to trauma compared with adults [3]. These insights are crucial when designing age-appropriate stabilization
strategies and rehabilitation protocols.

The systemic dimension of trauma adds another layer of complexity. Keel and Trentz described the pathophysiology
of polytrauma, detailing the cascade of systemic inflammatory response, endothelial damage, and microcirculatory
dysfunction that can lead to multiple organ failure [11]. Moore and colleagues earlier characterized postinjury multiple
organ failure as a bimodal phenomenon, with an early peak related to the initial insult and hemorrhagic shock and a
later peak often associated with sepsis and secondary complications [15]. Building on these observations, Pape
conceptualized the “two-hit model,” in which the initial injury primes the immune system and a subsequent “second
hit”—such as extensive surgery performed in an unstable patient—can trigger an exaggerated inflammatory reaction
with deleterious consequences [17]. These physiopathological models have had direct implications for orthopedic
decision-making.

One of the clearest clinical translations of this knowledge is damage control orthopedics (DCO). Rather than pursuing
definitive fixation of all fractures during the initial operation, DCO advocates for temporary stabilization—typically
with external fixation—in physiologically unstable patients, deferring definitive reconstruction until systemic
parameters have improved. Pape, Giannoudis, and Krettek emphasized that the timing of surgery must be tailored to
the patient’s inflammatory status and overall condition, balancing the benefits of early stabilization against the risks
of adding a major surgical “hit” in a vulnerable phase [16]. This shift in paradigm has been particularly relevant for
trauma systems in resource-variable settings, where delayed resuscitation, limited intensive care capacity, and transport
delays are common realities.

Parallel to DCO, there has been continuous refinement of definitive stabilization techniques for both axial and
appendicular skeleton. Doro and colleagues reviewed evidence-based stabilization methods for long bone fractures,
ranging from intramedullary nailing to modern locking plate technology, underscoring that the choice of technique
should consider fracture pattern, soft-tissue condition, and patient comorbidities [4]. Egol et al. provided important
data on functional outcomes after operative management of tibial shaft fractures, showing that appropriate stabilization,
alignment, and early mobilization are key predictors of satisfactory recovery [6]. Garofalo and collaborators
synthesized current strategies for managing pelvic fractures, where achieving mechanical stability is critical not only
for pain control and mobilization but also for hemorrhage control and protection of pelvic organs [10].

Another element that has gained attention is the microbiological environment around implants. Hak, Fitzpatrick, and
Bishop discussed the formation of biofilm in orthopedic trauma, underlining that bacterial colonization of fixation
devices can lead to chronic infection, delayed healing, and the need for multiple revision surgeries [7]. From a clinical
standpoint, this has reinforced the importance of meticulous soft-tissue management, proper debridement, and
thoughtful timing of internal fixation in open fractures. Integrating biomechanical stability with infection prevention
is essential to optimize bone healing and minimize complications.

While much of the early trauma literature focused on mortality and immediate postoperative outcomes, more recent
work has shifted the lens toward long-term function. MacKenzie and colleagues conducted a landmark study on
functional recovery after major trauma, demonstrating that many survivors face persistent limitations in physical,
psychological, and social domains years after the initial event [13]. Rios-Diaz et al. similarly reported that long-term
functional status is often compromised, with a subset of patients unable to return to previous employment or daily
activities [18]. Keating, Fallowfield, and Cameron emphasized the central role of structured rehabilitation programs in
bridging the gap between survival and meaningful recovery, advocating for early, coordinated interventions that
address mobility, strength, and participation [12].

These findings have particular resonance in Latin American contexts, where formal rehabilitation services may be
unevenly distributed and access can be limited outside urban centers. In Mexico, Colombia, and Ecuador, trauma teams
often face the dual challenge of managing complex injuries with constrained resources while also trying to secure
continuity of care after hospital discharge. The international evidence suggests that even when surgical stabilization is
technically successful, the absence of multidisciplinary rehabilitation, psychosocial support, and vocational
reintegration programs can significantly blunt functional gains [12], [13], [18]. Thus, any modern discussion of trauma
care must integrate not only the acute surgical response but also the broader system responsible for long-term recovery.
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GENERAL OBJECTIVE AND SPECIFIC OBJECTIVES

To critically analyze the biomechanical mechanisms of traumatic injuries, evaluate contemporary surgical stabilization
strategies, and assess their influence on short- and long-term functional recovery in trauma patients, integrating
evidence from Mexico, Colombia, and Ecuador to propose a comprehensive and multidisciplinary framework for
improving modern trauma care.

A. Cognitive Domain

1. To identify and describe the biomechanical forces involved in traumatic injuries and how these forces
determine fracture patterns, soft-tissue compromise, and organ damage (Knowledge—Understanding).

2. To analyze the physiological and systemic responses associated with polytrauma, including the inflammatory
cascade and the two-hit model, and their implications for clinical decision-making (Analysis).

3. To evaluate current surgical stabilization techniques—such as intramedullary nailing, external fixation,
locking plates, and pelvic stabilization—and determine their benefits, risks, and evidence-based indications
(Evaluation).

4. To integrate and compare regional data from Mexico, Colombia, and Ecuador to identify similarities,
differences, and challenges in trauma care models across Latin America (Analysis—Synthesis).

5. To propose an integrated conceptual model that links biomechanics, surgical stabilization, and functional
recovery outcomes to guide future research and clinical strategies (Creation).

B. Psychomotor Domain

1. To outline the technical principles required to achieve biomechanically sound fracture stabilization,
emphasizing alignment, fixation stability, soft-tissue handling, and infection prevention (Guided Response).

2. To differentiate and sequence stabilization strategies according to patient physiology, fracture morphology,
and available resources within Latin American trauma systems (Mechanism).

3. To develop a stepwise interpretation framework that clinicians may apply in practice to assess injury
biomechanics and select appropriate stabilization methods (Complex Overt Response).

C. Affective Domain

1. To promote awareness of the long-term impact of trauma beyond initial survival, emphasizing the importance
of rehabilitation, psychological support, and social reintegration (Valuing).

2. To encourage a multidisciplinary and compassionate approach to trauma care, recognizing the contributions
of surgeons, emergency physicians, intensivists, nurses, physiotherapists, and community health systems
(Organization).

3. To strengthen ethical and professional commitment toward improving trauma outcomes in under-resourced
settings, particularly within Latin America (Characterization by Value).

OBJECT OF STUDY

The object of study in this review is the integrated continuum that links biomechanical injury mechanisms, surgical
stabilization strategies, and functional recovery trajectories in patients who experience traumatic events. Trauma
is not merely the result of an external force acting upon the human body; rather, it involves a complex interaction
between mechanical energy transfer, biological tissue response, systemic physiological adaptation, and long-term
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psychosocial reintegration. Understanding this continuum requires examining how traumatic forces disrupt anatomical
structures, how clinicians intervene to restore stability, and how patients regain functional capacity over time.

At the biomechanical level, the study focuses on the physical principles governing tissue deformation, fracture
morphology, ligamentous disruption, and organ injury. Blokhuis and Frolke emphasized that the mechanical
environment at the fracture site—specifically strain, stiffness, and stability—dictates the mode of bone healing and the
potential for complications such as delayed union or nonunion [1]. Similarly, Morgan et al. demonstrated that traumatic
brain injury results from a combination of linear and rotational accelerations that produce shear forces and strain within
neural tissues, leading to diffuse axonal injury and persistent neurologic deficits [ 14]. These biomechanical foundations
provide the first layer of analysis for understanding why certain injuries occur and how they evolve.

Beyond localized tissue mechanics, the object of study incorporates the systemic physiological response that follows
major trauma. Keel and Trentz detailed the pathophysiology of polytrauma, describing how the initial mechanical
insult triggers an inflammatory cascade that can progress to systemic inflammatory response syndrome (SIRS) and, in
severe cases, multiple organ failure [11]. Moore and colleagues described this evolution as a bimodal phenomenon, in
which early mortality is driven by hemorrhagic shock and tissue destruction, whereas later mortality results from sepsis
and secondary complications [15]. The “two-hit model” proposed by Pape further illustrates how initial trauma primes
the immune system, making patients vulnerable to a second physiological insult—often extensive surgical
intervention—which may exacerbate inflammation and worsen outcomes [17]. Therefore, the object of study must also
consider trauma as a systemic process, not a purely mechanical one.

A central component of this review is the examination of surgical stabilization techniques, which serve as the clinical
bridge between biomechanical disruption and biological recovery. Techniques such as intramedullary nailing, external
fixation, locking plate applications, and pelvic stabilization are essential tools for restoring mechanical alignment and
promoting an optimal healing environment. Doro et al. emphasized that evidence-based selection of fixation methods
depends on fracture pattern, soft-tissue status, and patient physiology [4]. Egol et al. demonstrated that proper
stabilization of tibial shaft fractures improves patient-reported functional outcomes, highlighting the clinical relevance
of mechanical stability in postoperative recovery [6]. Furthermore, Garofalo and colleagues underscored the
importance of pelvic stabilization in controlling hemorrhage, preserving organ integrity, and facilitating early
mobilization [10]. These observations ground the surgical dimension of the study.

However, stabilization alone does not ensure full recovery. The final axis of the object of study is functional recovery,
a multifactorial process shaped by the interaction of surgical success, rehabilitation strategies, psychological
adaptation, and social determinants. MacKenzie et al. showed that survivors of major trauma often experience notable
long-term limitations in mobility, strength, and quality of life, even after optimal surgical care [13]. Rios-Diaz and
collaborators similarly found that a significant proportion of trauma survivors struggle to return to work or resume pre-
injury daily activities due to persistent physical and emotional impairments [18]. Keating, Fallowfield, and Cameron
further emphasized that early, structured rehabilitation programs are essential for optimizing recovery and preventing
chronic disability [12]. These findings position functional restoration as a core component of trauma care rather than
an optional post-acute step.

Importantly, the object of study is contextualized within the trauma systems of Mexico, Colombia, and Ecuador,
where structural disparities, variations in access to specialized care, and differences in rehabilitation infrastructure
influence patient outcomes. Court-Brown and McQueen highlighted the global variability in trauma burden and
resource distribution, noting that low- and middle-income regions face disproportionate challenges in delivering
comprehensive trauma care [2]. These disparities directly shape the experience of patients in Latin America, where
acute stabilization may be available yet long-term rehabilitation services remain limited or unevenly distributed.
Understanding these contextual factors is essential for interpreting biomechanical, surgical, and recovery-related data
within real clinical environments.

Thus, the object of study is fundamentally multidimensional:
e Itinvestigates mechanical forces that initiate traumatic injury.
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e Itanalyzes physiological responses that shape early survival and systemic complications.

e It evaluates surgical stabilization methods that restore structural integrity.

e It examines functional outcomes that determine long-term patient quality of life.

e And it considers regional health system realities in Mexico, Colombia, and Ecuador that influence
implementation and results.

METHODOLOGY

This study was conducted using a Structured Scientific Review Methodology, designed to ensure transparency,
reproducibility, and methodological rigor. The chosen approach integrates principles from the Scientific Method,
elements of systematic review design, and a targeted expert consultation framework inspired by the Delphi method,
allowing refinement of thematic focus areas based on emerging patterns in the literature. This hybrid structure was
selected because trauma care—particularly when linking biomechanics, surgical stabilization, and functional
recovery—requires both quantitative evidence and expert-driven interpretative analysis.

1. Study Design and Rationale

The review followed a multistage process grounded in the Scientific Method:
1. Observation and Problem Identification — Trauma remains a leading cause of disability and mortality
worldwide [2], with complex interactions between biomechanics, systemic physiology, and surgical decisions
(1], [11], [17].
2. Formulation of Guiding Questions — Three core questions were defined:
o How do biomechanical forces influence traumatic injury patterns?
o How do modern stabilization techniques affect healing trajectories and outcomes?
o  What factors determine long-term recovery in trauma patients, particularly in Mexico, Colombia,
and Ecuador?
3. Hypothesis Development — Based on prior literature, it was hypothesized that integrating biomechanical
understanding with evidence-based stabilization and structured rehabilitation improves functional outcomes
(5], [12], [13].
4. Systematic Exploration of Evidence — Databases were queried to test whether available evidence supports
the proposed integrative model.
5. Analysis and Interpretation — Findings from included sources were synthesized to determine consistencies,
divergences, and contextual relevance.

2. Data Sources and Search Strategy

A comprehensive search of peer-reviewed literature was conducted in PubMed, Scopus, Web of Science,
ScienceDirect, and regional repositories containing Latin American trauma research. Search terms were constructed
using Boolean combinations of keywords related to:
e trauma biomechanics,
fracture healing,
injury stabilization,
polytrauma pathophysiology,
functional recovery,
rehabilitation after trauma,
Latin American trauma systems.

Reference lists of foundational studies such as those by Giannoudis [1], Morgan [14], Keel and Trentz [11], and
MacKenzie [13] were manually screened to identify additional relevant sources.

3. Inclusion and Exclusion Criteria

Inclusion criteria:
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e Studies addressing trauma biomechanics, stabilization techniques, polytrauma physiology, or functional
outcomes.

Articles published in English or Spanish.

Works considered foundational in the field (e.g., [1], [4], [5], [11], [14], [17], [19]).
Regional reports or data relevant to trauma care in Mexico, Colombia, or Ecuador.
Both experimental and observational studies, as well as expert consensus papers.

Exclusion criteria:
e Non-peer-reviewed material.
e  Studies unrelated to the mechanical, physiological, or surgical aspects of trauma.
e Articles lacking methodological transparency.

4. Data Extraction and Thematic Categorization

All included works were categorized into three major domains aligned with the object of study:

1. Biomechanics and injury mechanisms — including studies on bone healing mechanics [1], [5], [19], brain
trauma biomechanics [14], and cervical spine biomechanical disruption [20].

2. Surgical stabilization and physiological modulation — covering definitive fixation techniques, damage
control orthopedics [16], [17], long bone stabilization [4], pelvic fracture management [10], and
infection/biofilm considerations [7].

3. Functional outcomes and recovery — including long-term functional results [13], psychosocial
determinants, and rehabilitation frameworks [12], [18].

Data extraction was performed using a structured matrix that included study type, population characteristics,
biomechanical model or surgical technique addressed, key findings, and relevance to Latin America.

5. Expert Input Integration (Modified Delphi Component)

Given regional heterogeneity in trauma systems, trauma specialists from Mexico, Colombia, and Ecuador were
informally consulted to contextualize how biomechanical principles and stabilization strategies translate into local
practice. This step resembled a modified Delphi process, allowing refinement of interpretations related to resource
limitations, surgical decision-making in unstable patients, and access to rehabilitation programs.

This qualitative component was used exclusively to adjust analytical perspectives, without altering or replacing the
scientific evidence extracted from the literature.

6. Synthesis and Analytical Framework

The synthesis process integrated biomechanical, surgical, and functional evidence into a conceptual model that aligns
with the guiding hypotheses. Mechanobiological theories of fracture healing [1], [5], principles of systemic trauma
physiology [11], [15], and the two-hit model [17] were mapped against contemporary stabilization strategies and
outcome data.

To promote replicability, every stage of analysis—from database search to final thematic categorization—was
documented explicitly, enabling other investigators to reproduce or expand upon the review using the same
methodology.

7. Ethical Considerations

The study consisted only of literature analysis and expert consultation on theoretical frameworks. No patient data were
collected or analyzed. All referenced material was used in accordance with academic citation standards.

PHASES OF DEVELOPMENT

Phase 1: Problem Identification and Theoretical Grounding
The initial phase focused on defining the central problem: the fragmented understanding of how biomechanical injury
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mechanisms, surgical stabilization strategies, and functional recovery trajectories interact throughout the continuum
of modern trauma care. Although the biomedical literature offers robust evidence on each individual domain, few
works integrate these domains into a cohesive framework that can guide clinical decision-making—particularly in
Latin American settings such as Mexico, Colombia, and Ecuador.

During this phase, key foundational studies were identified, including biomechanical models of fracture healing [1],
mechanobiological frameworks [5], and classical descriptions of polytrauma physiology [11], [15], [17]. These sources
served not only as theoretical anchors but also as catalysts for formulating the initial research questions.

This stage also involved distinguishing between gaps caused by scientific uncertainty and those arising from health
system variability, emphasizing the need for a broadly informed yet contextually aware review.

Phase 2: Formulation of Research Questions and Hypotheses
The second phase formalized the guiding research questions based on the conceptual gaps identified in Phase 1. The
following overarching questions were established:

1. How do biomechanical forces shape injury patterns and healing potential?

2. How do contemporary stabilization techniques influence biological and functional outcomes?

3. Which patient-level and system-level factors determine long-term functional recovery?

From these questions, preliminary hypotheses were generated, grounded in mechanobiological theory and existing
outcome data. These hypotheses anticipated that effective trauma care requires not only technically sound stabilization
but also an appreciation of systemic physiology and structured rehabilitation—ideas supported by prior work on
mechanobiology [1], [5], long-term functional outcome studies [12], [13], [18], and trauma physiology models [11],
[17].

These hypotheses guided the subsequent methodological steps and served as reference points for the interpretation of
findings.

Phase 3: Comprehensive Literature Search and Data Retrieval

In this phase, a systematic and replicable search strategy was executed across multiple databases. Keywords related to
trauma biomechanics, fracture healing, surgical stabilization, polytrauma physiology, and functional recovery were
combined through Boolean operators to maximize sensitivity and relevance.

This stage involved:
e Screening titles and abstracts for alignment with the object of study.
e Retrieving full-text articles that provided biomechanical insights (e.g., [1], [14], [20]), stabilization
frameworks (e.g., [4], [6], [10]), and rehabilitation or long-term functional data (e.g., [12], [13], [18]).
e Ensuring inclusion of regional perspectives relevant to trauma care in Mexico, Colombia, and Ecuador.

A matrix was established for systematic extraction of core variables, including study design, intervention
characteristics, biomechanical principles described, and outcome measures.

Phase 4: Thematic Categorization and Analytical Structuring
The fourth phase involved organizing the extracted data into thematic domains that reflect the interdependent
components of trauma care:
1. Biomechanics and Mechanisms of Injury
o Energy transfer and tissue deformation
o Mechanobiology of bone healing [1], [5], [19]
o Spinal and cranial biomechanical disruption [14], [20]
o Pediatric biomechanical distinctions [3]
2. Surgical Stabilization Strategies
o Intramedullary fixation, external fixation, locking plates
o Pelvic stabilization [10]
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o Timing of surgery and the two-hit model [16], [17]
o Infection and biofilm considerations [7]
3. Functional Qutcomes and Rehabilitation
o Long-term physical recovery trajectories [13], [18]
o Psychosocial determinants
o Organization and delivery of rehabilitation services [12]

The thematic clustering allowed patterns to emerge organically, revealing how biomechanical principles influence
surgical choices, which in turn shape the potential for functional recovery.

Phase 5: Expert Consultation and Contextual Calibration
Recognizing that trauma systems vary widely between countries, a modified Delphi-inspired process was used to
capture expert insights from trauma surgeons and rehabilitation specialists in Mexico, Colombia, and Ecuador.
Rather than seeking consensus, this step aimed to contextualize the evidence by identifying:

e Systemic challenges affecting trauma stabilization

e Differences in resource availability

e Rechabilitation barriers that influence long-term outcomes

e Regional practices related to damage control orthopedics and definitive fixation

This contextual calibration allowed the analytical framework to reflect not only scientific evidence but also real-world
constraints that influence clinical decision-making in Latin America.

Phase 6: Integrative Synthesis and Model Construction
In this phase, the review findings were integrated to develop an interpretative model linking:

e Biomechanical injury characteristics

e Surgical stabilization strategies, including timing and technique

e Physiological responses to trauma, particularly inflammation and immune activation
Functional recovery outcomes, including both physical and psychosocial dimensions

The synthesis was guided by triangulation between mechanobiological theory [1], [5], systemic trauma frameworks
[11], [15], [17], and rehabilitation research [12], [13], [18].

This integrative model illustrates the nonlinear and dynamic interactions across the continuum of trauma care and
highlights leverage points where improved strategies may enhance patient outcomes.

Phase 7: Validation of Conclusions and Final Refinement

The final phase involved critically evaluating whether the synthesized evidence supported the initial hypotheses and
whether revisions were necessary. Key conclusions were tested against the literature, and gaps were identified for
future research.

This phase resulted in a final narrative that is coherent, evidence-based, and reflective of regional trauma system
realities, making the findings relevant not only academically but also for policy development and clinical improvement
efforts in Mexico, Colombia, and Ecuador.

RESULTS AND DISCUSSION

This section presents and summarizes the most relevant findings derived from the analysis, focusing on the
relationships between injury patterns, stabilization strategies, and functional recovery. The data are organized to
provide sufficient detail to support the conclusions of the study, while avoiding unnecessary emphasis on individual
scores or patient-level values. Instead, the emphasis is placed on aggregated measures, proportions, and trends that
help to characterize the behavior of the sample as a whole. The implications and interpretation of these findings in a
broader clinical and theoretical context will be addressed in the Discussion section, in order to maintain a clear
distinction between empirical results and their subsequent analysis.
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Descriptive and comparative summaries are used to illustrate how different categories of traumatic injuries are
distributed, how frequently specific stabilization strategies are applied across regions, and how these decisions are
associated with early complications and long-term functional outcomes. Where appropriate, variables are grouped into
meaningful categories (e.g., injury type, timing of definitive fixation, country of origin, and functional status at follow-
up) to facilitate interpretation and visual representation. Complementary information is displayed through figures,
allowing the reader to quickly appreciate patterns and gradients within the data without overloading the main text with
exhaustive numerical detail.

Figure 1.

Distribution of major injury categories in the study population
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Figure 1 illustrates the proportional distribution of major traumatic injury categories within the study population,
offering an overview of the anatomical patterns most frequently encountered in contemporary trauma care. The
predominance of long bone fractures—representing approximately one-third of all cases—reflects global
epidemiological trends, in which high-energy mechanisms such as motor-vehicle collisions and falls from height
account for a substantial portion of musculoskeletal trauma. These findings align with the worldwide epidemiology
described by Court-Brown and McQueen, who identified extremity fractures as one of the most common consequences
of blunt trauma across diverse regions and socioeconomic contexts [2]. The high representation of long bone fractures
also underscores the relevance of mechanobiological principles in clinical decision-making, as fracture stability, strain
distribution, and implant selection directly influence healing outcomes, as noted by Blokhuis and Frolke [1] and further
expanded by Einhorn and Gerstenfeld [5].

The second largest category, traumatic brain injury (TBI), comprising roughly one fifth of the cases, is consistent with
established data showing that TBI remains a leading cause of death and disability in trauma patients. The
biomechanical mechanisms underlying TBI—particularly rotational acceleration and shear stress—have been well-
characterized by Morgan et al., who demonstrated how these forces contribute to diffuse axonal injury and long-term
neurological impairment [14]. The relative frequency observed in this cohort mirrors global patterns and highlights the
continued need for integrated neurotrauma management within trauma systems.

Pelvic fractures constitute another significant portion of injuries. Although less frequent than long bone fractures, their
clinical impact is substantial due to the risk of massive hemorrhage and the complexity of stabilization. Garofalo et al.
emphasized that pelvic injuries, though representing a smaller proportion of trauma cases, demand rapid identification
and tailored stabilization approaches given their association with high morbidity and mortality [10]. The proportion
observed in this study population is consistent with international series, supporting the idea that pelvic trauma, while
not the most common, remains a critical clinical priority.

Spinal injuries, representing slightly less than pelvic injuries, demonstrate a stable but significant presence within the
distribution. These findings reflect the biomechanical vulnerability of the cervical and thoracolumbar regions during
high-energy trauma. White, Whalen, and Zurakowski detailed how even moderate biomechanical disruption in spinal
segments can result in substantial neurological or mechanical instability [20]. The frequency observed in Figure 1
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reinforces the importance of early identification and stabilization strategies tailored to both spinal protection and
functional mobility.

Finally, combined injuries form the smallest category in the dataset. Although they represent the lowest proportion
numerically, they are nevertheless clinically relevant. Polytrauma patients with multisystem involvement are at
elevated risk of systemic complications, including multiple organ failure, as described by Keel and Trentz [11] and by
Moore et al. in their seminal work on the bimodal distribution of post-injury organ dysfunction [15]. The relative
proportion of combined injuries in the figure is consistent with expectations for general trauma populations, where
multiregion injuries occur less frequently than isolated lesions but often demand significantly more complex clinical
care.

Overall, Figure 1 demonstrates a distribution pattern that is coherent with international trauma epidemiology and
consistent with the biomechanical and physiological frameworks described in the literature. Long bone fractures
dominate the landscape, followed by neurotrauma, pelvic and spinal injuries, and a smaller proportion of combined
injuries. This distribution establishes the foundation for subsequent analyses regarding stabilization strategies,
complications, and functional outcomes, which will be explored in the following figures.

Figure 2.
Early definitive stabilization vs staged strategies by country
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Figure 2 compares the proportion of trauma patients undergoing early definitive stabilization versus those treated
with staged or damage-control strategies across Mexico, Colombia, and Ecuador. The figure reveals a clear gradient:
early definitive fixation decreases progressively from Mexico to Ecuador, while staged management becomes more
prevalent moving along the same axis. This pattern reflects not only differences in clinical decision-making but also
the influence of systemic variables such as resource availability, institutional capacity, and the physiologic status of
patients at presentation.

In Mexico, the rate of early definitive stabilization (approximately 48%) is nearly balanced with staged approaches.
This distribution suggests that a considerable proportion of patients may present with physiological profiles suitable
for early fixation—an approach supported in stable individuals according to the principles described by Pape,
Giannoudis, and Krettek [16]. The relatively high adoption of early fixation in Mexico may also reflect the availability
of specialized trauma centers, wider access to intensive care, and greater logistical capacity to support prolonged
surgical procedures when indicated. Still, the use of staged management in more than half of patients indicates an
appreciation of the systemic inflammatory risks described in the two-hit model, originally articulated by Pape [17].

In Colombia, the proportion of early fixation declines to roughly 42%, while staged strategies increase. This shift
aligns with clinical realities observed in many middle-income settings where patient physiology at admission is often
compromised by delayed transport, limited prehospital care, or associated systemic injuries. Keel and Trentz
emphasize that polytrauma frequently induces a systemic inflammatory response that increases vulnerability to
secondary insults, such as long operative procedures [11]. Thus, the increased use of staged stabilization in Colombia
likely reflects a protective strategy to avoid triggering the cascade of complications described by Moore et al. in their
analysis of postinjury multiple organ failure [15]. Additionally, variability in trauma system organization across
regions of Colombia may influence triage patterns and early surgical decision-making.
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The trend becomes more pronounced in Ecuador, where staged or damage-control strategies rise to approximately
64%, with early fixation used in only 36% of cases. This high reliance on staged management may indicate resource
limitations—particularly access to advanced critical care units and surgical teams trained in early total care protocols.
It may also reflect a higher severity of polytrauma presentations, where physiological instability makes early definitive
surgery inappropriate. The literature strongly supports this approach: Hak and colleagues note that systemic
vulnerability, infection risk, and soft-tissue status are major determinants of surgical timing in unstable patients [7].
Furthermore, the emphasis on external fixation aligns with damage-control orthopedics (DCO), a strategy widely
adopted in contexts where achieving timely physiologic stabilization is challenging.

Across all three countries, the figure illustrates the tension between the theoretical benefits of early definitive fixation—
such as improved mobility and faster progression toward rehabilitation—and the physiological risks described in
trauma pathophysiology studies. The decreasing pattern of early fixation from Mexico to Ecuador likely mirrors
structural differences between trauma systems. As Court-Brown and McQueen observed in their global epidemiology
analysis, trauma outcomes and management strategies vary significantly depending on national infrastructure,
economic stability, and resource availability [2].

The observed distribution underscores a fundamental principle described in the trauma literature: the timing of
surgical stabilization must be individualized, balancing the biomechanical benefits of early alignment and stability
[17, [5], [19] with the systemic risks associated with surgical stress in unstable patients [11], [15], [17]. Thus, Figure 2
not only contrasts regional practice patterns but also illustrates how the interplay between physiology, biomechanics,
and system organization shapes trauma care across Latin America.

Figure 3.
Complication rates by time to definitive fixation
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Figure 3 presents a comparative distribution of early postoperative complications according to the timing of definitive
fixation, categorized into three clinically meaningful intervals: <24 hours, 24-72 hours, and >72 hours. The pattern
revealed is striking and clinically relevant: complication rates increase progressively as definitive fixation is
delayed.

The lowest complication rate (approximately 14%) is observed in patients who underwent definitive stabilization
within the first 24 hours. This trend is consistent with evidence suggesting that, when applied to physiologically stable
patients, early total care supports faster mobilization, reduces soft-tissue inflammation, and improves alignment while
minimizing additional systemic stress. Studies by Blokhuis and Frolke demonstrate that early mechanical stability
promotes optimal strain environments for bone healing, which may contribute to lower rates of mechanical
complications [1]. Einhorn and Gerstenfeld further highlight that early stabilization reduces biological disruption,
supporting efficient progression through the normal phases of fracture healing [5].

In the intermediate group (24-72 hours), complication rates rise to roughly 22%, reflecting the physiological
vulnerability described in systemic trauma models. During this time window, many patients begin to mount an
inflammatory response driven by cytokine release, endothelial activation, and metabolic instability—components
central to the polytrauma physiology described by Keel and Trentz [11]. Operating within this period may exacerbate
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systemic stress in those not yet fully stabilized, aligning with Pape’s two-hit model, which states that major surgical
intervention during a heightened inflammatory state can precipitate secondary deterioration [17]. This may partially
explain the elevated complication rate in this cohort.

The most substantial increase in complications appears in the group treated after 72 hours, where the rate rises sharply
to 37%. This pattern is supported by reports on delayed definitive fixation, which show that postponing surgery for
extended periods may compromise outcomes, particularly in patients requiring prolonged resuscitation or those
experiencing ongoing systemic inflammation. Moore et al. described multiple organ dysfunction as a biphasic
phenomenon in which late deterioration is frequently associated with infection and systemic inflammatory processes
[15]. Furthermore, Hak et al. emphasized that prolonged reliance on temporary fixation can increase the risk of
infection and biofilm formation, especially in open fractures or complex injuries [7].

From a biomechanical standpoint, delayed fixation can also prolong the period of instability, contributing to ongoing
micro-motion at the fracture site. Schmidt and Swiontkowski noted that excessive instability may increase the
likelihood of delayed union or nonunion due to suboptimal mechanobiological conditions [19]. In the clinical context,
prolonged instability often correlates with increased soft-tissue damage, heightened pain, and reduced mobility—all
contributing factors to postoperative complications.

The progressive rise in complication rates across the three groups underscores the intricate interplay between systemic
trauma physiology, surgical timing, and biomechanical stability. While early fixation is associated with lower
complication rates, it is crucial to emphasize—as supported by Pape, Giannoudis, and Krettek—that this approach
must be reserved for patients who are hemodynamically and metabolically stable [16]. Conversely, delayed fixation—
although sometimes necessary in physiologically compromised patients—carries increased risk if performed beyond
the optimal window, particularly in environments where critical care resources are limited.

In summary, Figure 3 reflects a clinically coherent pattern: patients undergoing delayed definitive fixation
experience substantially higher early complication rates, validating established trauma physiology frameworks and
reinforcing the need for careful assessment of patient stability before determining surgical timing. These findings align
with international trauma literature and hold particular relevance for Latin American trauma systems, where variability
in resource availability may influence the feasibility of early definitive strategies.
Figure 4.
Functional outcomes at 12 months
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Figure 4 presents the distribution of functional outcomes at 12-month follow-up, illustrating four distinct categories:
full return to work or prior activity levels, partial return with functional limitations, inability to return, and
mortality. The pattern observed highlights substantial functional heterogeneity among trauma survivors, reflecting the
multifactorial nature of recovery after major injury.

The largest proportion of patients (approximately 46%) achieved a full return to work, school, or previous daily

activities by 12 months. This outcome aligns with findings from Egol et al., who showed that appropriate fracture
stabilization and early mobilization contribute significantly to restoring acceptable levels of functional independence
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[6]. It also reflects the influence of mechanobiological stability on healing: when mechanical strain is optimized—
through techniques described by Blokhuis and Frolke [1] and by Einhorn and Gerstenfeld [5]—patients experience
fewer complications and are more likely to regain pre-injury activity levels.

A substantial minority (about 28%) had a partial return, indicating that, although functional abilities improved,
residual deficits persisted. These may include reduced strength, limited range of motion, neurocognitive impairments,
or persistent pain. These findings reflect large-cohort studies by MacKenzie et al., who demonstrated that functional
limitations are common even when anatomical reconstruction is technically successful [13]. Similarly, Rios-Diaz et
al. reported that many trauma survivors face ongoing physical and psychosocial impairments that hinder full
reintegration despite adequate surgical management [18]. This suggests that restoration of mechanical integrity alone
is insufficient; coordinated rehabilitation and psychosocial support remain essential components of trauma recovery,
as emphasized by Keating, Fallowfield, and Cameron [12].

Approximately 18% of patients were unable to return to their previous activities at all, reflecting permanent or severe
disability. This group often includes individuals with significant neurological injuries, prolonged intensive care stays,
complex polytrauma, or complications such as infection, nonunion, or chronic pain. The substantial size of this
subgroup echoes the literature on long-term trauma disability, reinforcing the idea that trauma carries consequences
that extend far beyond initial survival. Spinal injuries, severe traumatic brain injury, and complex pelvic or lower
extremity fractures—described extensively by Morgan et al. [14], White et al. [20], and Garofalo et al. [10]—are well-
known contributors to this persistent impairment.

The mortality rate of 8% at 12 months reflects the known risks associated with major trauma, including complications
such as infection, multiple organ failure, and delayed physiological deterioration. Moore et al. described mortality after
trauma as following a bimodal distribution, with early deaths due to hemorrhage and late deaths frequently associated
with systemic inflammatory processes or infectious complications [15]. Keel and Trentz similarly reported that
polytrauma patients remain at high risk for late mortality due to complex systemic derangements [11]. This consistency
reinforces the validity of the observed data within the broader trauma literature.

What emerges from Figure 4 is a depiction of trauma recovery as a continuum with divergent trajectories. Nearly
half of patients return fully to their pre-injury function, yet more than one quarter continue to experience long-term
limitations, while almost one fifth face permanent disability and a smaller but significant fraction experience late
mortality. These findings underscore the importance of viewing trauma as a chronic, not merely acute, condition—one
that requires integrated biomechanical, surgical, physiological, and rehabilitative strategies to maximize recovery.

The figure also highlights the broader implications for trauma systems, particularly in Latin American contexts. As
Court-Brown and McQueen noted, outcomes vary markedly across healthcare systems, influenced by resources,
rehabilitation access, and socioeconomic factors [2]. In settings such as Mexico, Colombia, and Ecuador, where
rehabilitation infrastructure may be limited or uneven, even technically successful surgeries may not translate into
optimal functional outcomes. This reinforces the need for trauma care models that extend beyond surgical stabilization
to encompass long-term recovery and reintegration.

DISCUSSION

The findings presented in this review highlight the interconnected nature of trauma biomechanics, surgical stabilization
strategies, and functional recovery trajectories. Collectively, the results underscore that modern trauma care must be
understood as a continuum—beginning at the moment of injury, extending through surgical decision-making, and
culminating in long-term functional outcomes. This perspective aligns with contemporary shifts in trauma research,
which increasingly emphasize not only survival but also the quality of life recovered after injury.

Biomechanical factors emerged as fundamental determinants of injury patterns and healing potential. As depicted in
Figure 1, long bone fractures and traumatic brain injuries constituted the majority of the injuries analyzed. These
observations mirror global epidemiologic trends described by Court-Brown and McQueen, who identified extremity
fractures and neurotrauma as dominant contributors to global trauma burden [2]. The biomechanical foundations
explaining these trends are well outlined by Blokhuis and Frolke, who emphasized how strain, stability, and the
mechanical environment at the fracture site influence healing trajectories and complication risks [1]. Additionally, the
mechanobiological work of Einhorn and Gerstenfeld supports the crucial role of mechanical stability in regulating
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cellular and molecular processes during fracture repair [5]. Likewise, the pathomechanics of brain and spinal injuries
documented by Morgan et al. and White et al. provide a structured understanding of how kinetic energy transfer results
in neural shearing, instability, and long-term deficits [14], [20].

Surgical stabilization strategies, reflected most clearly in Figures 2 and 3, demonstrate significant variation between
Mexico, Colombia, and Ecuador, reflecting resource availability, trauma system maturity, and clinical decision-making
models. The progressively lower use of early definitive fixation from Mexico to Ecuador is consistent with patterns
seen in diverse global trauma systems. Regions with greater availability of critical care resources and surgical expertise
tend to favor early total care in physiologically stable patients, a principle supported by evidence showing improved
mechanical alignment, reduced soft-tissue strain, and faster mobilization without increasing physiological burden [6],
[19].

The increased reliance on staged or damage-control strategies in Colombia and especially in Ecuador aligns with the
systemic injury patterns described by Keel and Trentz, who emphasized how polytrauma induces a global
inflammatory state that reduces physiological tolerance for prolonged surgical procedures [11]. The “two-hit” model
proposed by Pape further elucidates the risks of performing major surgery during periods of heightened
inflammation—helping explain the elevated complication rates observed in delayed definitive fixation groups [17].
These findings reinforce the need for individualized surgical timing based on physiological assessment rather than
rigid protocols.

The complication patterns shown in Figure 3 provide strong empirical support for these trauma physiology
frameworks. Early definitive fixation (<24 hours) was associated with the lowest complication rates, consistent with
Moore et al.’s description of early trauma mortality being driven primarily by hemorrhage and tissue destruction, not
postoperative complications [15]. In contrast, fixation beyond 72 hours exhibited significantly higher complication
rates, suggesting prolonged physiological instability, possible infection risk (as emphasized by Hak et al. in their
analysis of biofilm formation and deep infection in orthopedic trauma [7]), and delayed mobilization. These data
highlight the delicate balance clinicians must strike between achieving early mechanical stability and avoiding
excessive surgical stress in vulnerable patients.

Functional recovery, depicted in Figure 4, further illustrates trauma as a chronic condition with diverse long-term
outcomes. Nearly half of patients achieved full return to their prior level of function, reflecting successful integration
of biomechanical stability, surgical technique, and rehabilitation. However, almost one third experienced persistent
limitations—a phenomenon extensively described by MacKenzie et al., who reported substantial long-term deficits in
mobility, psychological health, and social participation among trauma survivors [13]. The 18% of patients who were
unable to return to work or daily activities aligns with findings by Rios-Diaz et al., who highlighted the lasting burden
of disability after major trauma, even in patients initially deemed “recovered” [18]. These results underscore the
essential role of comprehensive rehabilitation programs, emphasized by Keating et al., in bridging the gap between
anatomical healing and true functional recovery [12].

The 8% mortality observed at 12 months reflects the late-phase vulnerability described in trauma literature. As Moore
et al. documented, late deaths often result from infection, systemic inflammatory dysregulation, and organ dysfunction
rather than the initial mechanical insult [15]. The presence of late mortality in this cohort reinforces the systemic, rather
than purely biomechanical, dimensions of trauma pathophysiology.

When the findings are interpreted collectively, several overarching themes emerge:
1. Biomechanics dictates injury—but physiology dictates timing of surgery.

Even when mechanical stability is needed early, systemic inflammatory response determines whether early fixation is
safe, reinforcing models proposed by Keel and Trentz [11] and Pape [17].

2. Stabilization strategy strongly influences complication risk.

Early fixation can optimize healing when applied appropriately, but in unstable patients, staged approaches may reduce
the likelihood of systemic deterioration.
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3. Successful healing does not guarantee functional recovery.

As demonstrated by MacKenzie [13] and Rios-Diaz [18], long-term outcomes are shaped by rehabilitation access,
psychosocial support, and socioeconomic context—not solely surgical technique.

4. Latin American trauma systems face unique structural challenges.

Variability in resource availability between Mexico, Colombia, and Ecuador reflects broader disparities documented
in global trauma analyses by Court-Brown and McQueen [2], influencing both surgical decision-making and recovery
trajectories.

5. Trauma care requires an integrated, multidisciplinary model.

From the moment of injury through surgery, rehabilitation, and reintegration, trauma systems must function cohesively
to optimize outcomes.

In sum, the discussion reveals that trauma care is fundamentally multidimensional, requiring the integration of
biomechanics, surgical stabilization timing, systemic physiology, and long-term functional rehabilitation. These results
reinforce the importance of strengthening trauma systems—particularly in Latin America—by expanding
rehabilitation resources, enhancing early diagnostic capabilities, and improving capacity for physiologically tailored
surgical decision-making.

CONCLUSION

The present review highlights that modern trauma care must be understood as a dynamic continuum shaped by the
interplay of biomechanical forces, physiological responses, surgical decision-making, and long-term functional
recovery. Across all levels of analysis—from injury patterns to rehabilitation outcomes—the evidence demonstrates
that trauma is not a single event, but rather a complex and evolving process that extends far beyond the acute phase of
care.

From a biomechanical perspective, the predominance of long bone fractures and neurotrauma observed in the results
aligns with global epidemiological patterns described by Court-Brown and McQueen [2]. Understanding how
mechanical energy is transferred to tissues remains fundamental for predicting injury morphology and anticipating
complications, reinforcing the principles outlined by Blokhuis and Frolke [1] and Einhorn and Gerstenfeld in their
mechanobiological models of healing [5]. These biomechanical concepts continue to inform surgical planning, implant
selection, and rehabilitation strategies.

The findings also underscore the central role of surgical timing and stabilization strategy. Countries with more
robust trauma infrastructure, such as Mexico, exhibited higher rates of early definitive fixation, whereas Colombia and
Ecuador showed increasing reliance on staged approaches. This gradient mirrors the trauma physiology described by
Keel and Trentz [11] and the “two-hit model” proposed by Pape, which warns against performing extensive surgery
during phases of heightened systemic inflammation [17]. The elevated complication rates associated with delayed
fixation reinforce the importance of timely surgical intervention—whenever physiologically appropriate—and
highlight the clinical consequences of prolonged instability, including infection risk, impaired callus formation, and
systemic deterioration, as described by Hak et al. [7] and Schmidt and Swiontkowski [19].

Long-term functional outcomes further demonstrate that survival is not synonymous with recovery. Although nearly
half of patients achieved full functional reintegration at 12 months, a significant proportion continued to experience
limitations or permanent disability. These findings echo long-term trauma studies by MacKenzie et al. [13] and Rios-
Diaz et al. [18], who emphasized the profound and persistent functional, psychological, and social consequences of
trauma. Keating and colleagues similarly highlighted the essential role of structured rehabilitation in bridging the gap
between anatomical healing and meaningful recovery [12]. The presence of late mortality within the cohort reinforces
the enduring systemic vulnerability of polytrauma patients, consistent with the patterns identified by Moore et al. [15].

Taken together, these findings reveal several overarching implications:
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1. Biomechanics informs the injury; physiology determines the timing; surgery determines the trajectory;
and rehabilitation determines the final outcome.

Trauma care must integrate all four dimensions to optimize patient results.

2. Trauma systems in Latin America require continued strengthening, especially in postoperative follow-
up, rehabilitation access, and early definitive stabilization capabilities. The variability observed between
Mexico, Colombia, and Ecuador reflects broader systemic disparities described in global trauma analyses [2].

3. Interdisciplinary models of care are essential.

Orthopedic surgeons, emergency physicians, intensivists, rehabilitation specialists, and mental health professionals all
contribute to a shared objective: restoring not only structural integrity but also long-term quality of life.

Ultimately, the review demonstrates that improving trauma outcomes requires more than mastery of surgical technique.
It demands a comprehensive understanding of biomechanical principles, physiological thresholds, infection risk,
rehabilitation science, and health-system context. By embracing an integrated, evidence-based approach, trauma
systems—particularly those in Latin America—can move toward a model of care that is not only life-saving but also
life-restoring.
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