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eJavan S, Tabesh M. Action of carbon dioxide on pulmonary vasoconstriction. J Appl Physiol. In press 2005
Complete Book:
¢ Guyton AC: Textbook of Medical Physiology. 8th ed. Philadelphia, PA, Saunders, 1996.
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e Young VR. The role of skeletal muscle in the regulation of protein metabolism. In Munro HN, editor:
Mammalian protein metabolism. Vol 4. San Diego; Academic; 1970. p. 585-674.
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e Pelvic and Acetabular Fractures: These
fractures often require specialized fixation
techniques better suited to the pelvis and
acetabulum's  unique anatomical and
biomechanical demands.

e Partial Articular Fractures Requiring Buttress
Plating: In these instances, buttress plates
are more appropriate to support the articular
surface and maintain joint congruity™®.

Disadvantages of LIFP

The screw length must be meticulously determined
prior to insertion. Unlike non-locking screws, locked
screws do not provide tactile feedback regarding
their hold in the bone, which is crucial for assessing
the purchase of the screw.

Challenges with Locked Screws and Plates

Reduction of Fragments: Locked screws do not
facilitate the reduction of bone fragments during
insertion, unlike conventional screws; This can lead to
higher rates of malalignment, especially when using
the MIPO technique.

First-Generation Locked Plates

Fracture Reduction Limitation: These constructs
primarily maintain, rather than achieve, fracture
reduction, except in specific pre-contoured designs.
Soft Tissue Irritation: Prominent hardware may
induce pain and irritation in subcutaneous regions,
such as the distal tibia and proximal medial tibia,
particularly if the plate-screw interface lacks
anatomical conformity.

Delayed Union or Non-Union: The rigidity of locked
constructs may precipitate stress shielding, leading to
osteoclastic resorption of fracture ends and impairing
healing dynamics. Furthermore, as these implants are
non-load-sharing, cyclic loading may predispose the
plate to fatigue failure and subsequent loss of
fixation.

Limitations of First-Generation Locked
Plates

Angle Adjustment Constraint: The fixed-angle design
precludes intraoperative modification of screw
trajectories while maintaining screw locking,
rendering certain holes unsuitable for lag screws
crucial for articular reduction, complex fracture
morphologies, anatomic variability, or pre-existing
arthroplasty components. Contouring Challenges:
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Attempts to contour these plates may distort locking
holes, compromising screw engagement and
biomechanical stability, necessitating meticulous
surgical execution.

Removal Concerns

Technical Difficulty in Extraction: Explanation of
locked plates can be arduous, particularly in cases of
screw osseointegration or excessive torque
application, leading to cold welding. Employing
torque-limiting screwdrivers can mitigate such
complications and facilitate hardware retrieval®?.

Challenges and prospects

With the widespread adoption of locking plate
technology, emerging literature suggests that
stainless steel constructs are associated with
elevated Non-union rates, particularly in distal
femoral fractures. These locking plates, designed to
foster secondary bone healing over primary bone
healing, were often too rigid to facilitate the
necessary motion for callus formation. Innovative
methods for dynamizing stainless steel locking plates
have surfaced, aiming to provide essential
interfragmentary motion. Biomechanical research
about far cortical locking screws shows that this
device can reduce construct stiffness by employing a
smaller-diameter screw shaft and over-drilling the
near cortex. This allows controlled motion within the
near cortical hole, dynamizing the fracture while
maintaining structural integrity. Additionally, active
plates have been introduced, incorporating silicone-
suspended locking holes as a dynamization strategy.
This paper does not directly compare newer locking
strategies linked with second-generation locking
plates, necessitating further research to evaluate
long-term outcomes. Preliminary findings indicate
the rationale behind these implants' technological
advancements may be flawed. Experienced surgeons
can still utilize first-generation locking plates in
scenarios suitable for second—or third-generation
plates, with no significant difference in outcomes.
However, a learning curve may exist for surgeons
unfamiliar with these plates, though this point might
be moot due to the potential unavailability of this
kind of plate.

Future research should also consider the cost-
effectiveness of newer implant designs, assessing
whether the clinical benefits experienced by patients
justify the added costs.

)
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Fixation: Including MIPO for

multifragmentary fractures.

Additional Clinical Indications

Terminal Segment Fractures: Necessitate
rigid structural reinforcement.

Constructs Susceptible to Varus or Valgus
Collapse: Mitigates the risk of angular
deformities.

Fractures in Osteoporotic Bone: Ensures
augmented fixation stability in compromised
bone architecture.

Broken Screws from Previous Surgery:
Offering a stable alternative.

Deformities That Should Not Be Corrected:
Maintaining the existing bone structure.

Utilization Modalities

The LIFP grants the surgeon the flexibility to select
the most suitable stabilization approach for each

clinical

scenario, whether through compression

mode, locked mode, or a hybrid application.

Indications for LIFP in Compression Mode

Uncomplicated Diaphyseal and Metaphyseal
Fractures: Mandates precise anatomic
reduction to restore structural integrity.

Intra-articular Fractures: Functions as a
buttress plate to reinforce articular
congruity.

Delayed Union or Non-union: Facilitates
osteogenic stimulation and promotes
fracture consolidation.

Closed-Wedge Osteotomies: Enables

controlled bone realignment for corrective
osteotomies.

e Bone Fragments with Compromised
Vascularity:  Maintains  perfusion  and
mitigates ischemic complications.

Indications for LIFP in Splinting Mode

e  Multifragmentary Diaphyseal and

Metaphyseal Fractures: Confers relative

stability while preserving biological integrity.

Fractures in Anatomically Challenging Zones:
Utilized when intramedullary nailing is
contraindicated due to anatomical or
pathological constraints.

—
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Open-Wedge Osteotomies:  Particularly
indicated in proximal tibial corrections to
maintain structural alignment.
Periprosthetic Fractures: Ensures
stabilization around pre-existing orthopedic
implants.

Coexistence of Other Implants: Provides
supplementary reinforcement when
additional mechanical support is warranted.
Secondary Fractures and Post-Nailing
Instability: Serves as a salvage procedure to
restore  structural stability following
complications from intramedullary fixation.
Delayed Conversion from External Fixation to
Internal Fixation: Facilitates the transition to

definitive internal stabilization, ensuring
sustained osseous integrity.

Oncologic Reconstruction Post-Tumor
Resection: Functions as a load-bearing

scaffold to maintain skeletal continuity

LIFP can be effectively utilized by combining
both compression and splinting methods in
the following scenarios:

Segmental Fractures with Two Different
Fracture Patterns: This includes cases where
one fracture is simple and the other is

multifragmentary. The combination
approach allows for precise anatomic
reduction of the simple fracture while
providing  relative  stability to the
multifragmentary segment.

Intra-articular Fractures with a
Multifragmented  Extension into the

Diaphysis: These complex fractures benefit
from the dual approach, ensuring stable
fixation of the intra-articular component and
adequate support for the multifragmented
diaphyseal extension.

Contraindications of Locked Plating

Although there are no absolute contraindications for
the utilization of locked plates, specific clinical
scenarios render their application superfluous:

116

Uncomplicated Diaphyseal Fractures in
Optimal Bone Quality: Conventional plating
techniques are sufficient, as the intrinsic
biomechanical integrity of the bone supports
uneventful healing without necessitating the
augmented stability conferred by locked
plating.

'
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osteopenia and extending the fatigue lifespan of the
implant through homogeneous dissipation of
biomechanical stressors.?%3¥) (Figure 7,8).

Indications for Locking Plating

A LIFP serves as a multifaceted orthopedic implant
designed to facilitate fracture stabilization by
providing either absolute or relative stability, or a
hybrid of both, contingent upon the specific clinical
context. While the primary indications for LIFP are
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well-established, they can also be utilized in various
other situations.

Primary Indications:

Osteoporotic Fractures: Ideal for bones with reduced
density and strength. Periprosthetic Fractures:
Fractures occurring around prosthetic implants
(Figure 9). Periarticular Fractures with Short
Metaphyseal Segments: Fractures near joints with
limited metaphyseal bone.
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Figure 9: locking plate in a periprosthetic fx
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The thread encircles the core, which is vital for
providing structural support. The core diameter
refers to the minimal diameter across the thread
base, correlating with the screw's tensile strength. In
contrast, the pitch indicates the distance between
adjacent threads, while the lead defines the distance
the screw advances per complete turn—equivalent
to the pitch for single-threaded screws*). The
primary diameter, or thread diameter, is the
maximum measurement across the screw's threads,
influencing its pullout strength; larger diameters
correspond to more excellent resistance to pullout.
The head's design includes a recess that can be
hexagonal, hexalobular, or of other geometric
configurations. The hexagonal design is predominant
due to its secure engagement with the screwdriver.
The hexalobular socket offers improved resistance to
stripping and facilitates enhanced torque transfer
through its star-shaped configuration, providing
greater stability during insertion*®,

The countersink's conical design promotes superior
fixation by ensuring effective force distribution
between the screw head and the threaded holes in
the plate. Screws with dual threads on the
undersurface exhibit enhanced locking capabilities,
while those with a single thread may risk slippage and
unlocking. The pitch on the head aligns with that on
the shaft, ensuring compatibility, while the conical
design minimizes the required insertional torque(*?.
The shaft includes the runout, a region critical for lag
screw functionality, which should be of adequate
length to promote optimal compression. This
transitional area is susceptible to failure under
torsional loads, especially when the screw is
subjected to spiral insertion!®),

The screw thread, functioning as an inclined plane,
utilizes a "V" design specific to locking screws,
contrasting with the buttress thread employed in
traditional cortical screws. The advancements in
screw design, such as the Bone Screw Fastener (BSF),
present improvements in performance metrics
compared to earlier iterations®. Core diameter, or
root diameter, represents the minimal transverse
dimension at the base of the threads and directly
impacts the screw's vulnerability to shearing forces.
The root area is critical for structural integrity, with
torsional strength being proportional to the cube of
the root diameter. More extensive fragment-locked
screws exhibit increased core diameters compared to
conventional screws”). Pitch and lead are significant
for determining screw advancement rates. Locking
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screws have coarser pitches than cortical screws,
promoting rapid insertion. The tip design varies
between self-tapping and self-drilling self-tapping
configurations. Self-tapping screws are equipped
with a thread-cutting flute engineered for the
generation of osseous threads, whereas self-drilling
self-tapping screws integrate both drilling and
tapping  functionalities, thereby augmenting
anchorage in anatomically challenging regions*®
(Figure 6).

A

Figure 6: screw structure, A: thread, B: outer

diameter C: inner diameter

Locking plates incorporate round, threaded holes
designed to accommodate locking screws,
establishing fixed-angle constructs that prevent
screw toggling®®). Combi-holes allow for the
integration of both self-compression and locking
mechanisms, enhancing the versatility of the fixation
system™. Locking mechanisms can be categorized
into fixed-angle and variable-angle systems, with the
former requiring unidirectional screw insertion for
optimal locking and the latter allowing for greater
angulation flexibility®®. Variable-angle locking plates
facilitate screw angulation up to 30 degrees, thereby
accommodating a broad spectrum of fracture
configurations. Innovations such as elastically
suspended locking holes enhance stability and allow
for limited axial motion, facilitating healing while
maintaining fixation integrity. A novel locking plate
termed the Elastically Suspended Locking Hole, has
been engineered to facilitate regulated axial
micromotion ranging from 1.5 to 2 mm at the fracture
interface. This innovation maintains stability against
bending and rotational forces, enhancing mechanical
integrity and biological healing. The structural
refinement of the inferior aspect of locking plates
attenuates avascularity and optimizes osseous
perfusion, thereby ameliorating early post-fixation
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minimally invasive plate osteosynthesis (MIPO) is the
preferred method®®. This approach requires a plate
two to three times the length of the fracture.
Conversely, the plate length should be maintained at
8 to 10 times the fracture length for simple transverse
fractures that are short and treated with
compression*®. The biomechanical stiffness of an
osteosynthetic construct is significantly reduced
when a shorter fixation plate is employed instead of
a more extended plate with an equivalent number of
cortical anchorage points. Consequently, the
utilization of elongated plating systems is advocated
to enhance mechanical stability, optimize stress
distribution, and mitigate the risk of implant failure,
particularly in cases of comminuted or osteoporotic
fractures®?),

The aggregate biomechanical rigidity and plastic
deformation response of the construct is modulated
by the spatial configuration and density of screw
fixation, with a minimum of three screws per osseous
fragment advised to optimize structural stability.
Screw density is defined as the quotient of the
number of fixation screws deployed and the total
number of screw perforations within the
osteosynthesis plate. These density indices should be
maintained at 0.4-0.3 for simple fractures and 0.5—
0.4 for comminuted fractures, respectively?,

The choice of implant material, whether stainless
steel or titanium, also affects stress distribution,
particularly in small fracture gaps. Stainless steel
implants experience more stress than titanium
implants when the fracture gap is less than 1 mm.
Nevertheless, no discernible disparity is observed
when the inter-fragmentary gap is more
pronounced?),

The working length of an osteosynthesis plate is
defined as the distance between the fixation screws
positioned immediately adjacent to the fracture on
either side. This length determines fracture elasticity;
shorter lengths increase the likelihood of plate
failurel®®. Proper screw positioning is vital for
maximizing axial and torsional stiffness, ensuring
adequate stabilization while mitigating the risk of
mechanical failure during healing. For optimal axial
stability, at least three screws should be used on each
side of the fracture, with two of these screws placed
in the farthest and closest holes relative to the
fracture site. Screws should be used at both ends of
the plate to involve the entire plate in stabilizing the
fracture. The tertiary screw modulates fracture
stiffness, with rigidity diminishing as the screw is

(
\

113 ]

Iranian Journal of Orthopaedic Surgery
Vol. 22, No. 2 (Serial No. 85), Spring 2024, p. 108-119

positioned further from the fracture interface. For
optimal torsional stability, a minimum of four screws
per osseous fragment is requisite, with fixation
devices deployed in the proximal and distal plate
perforations relative to the fracture line*®*Y(Figure
5).

Figure 5: The location of the screws relative to
the location of the fracture in a radial shaft fx

Vascularization and ensuring construct stability. To
optimize these factors, the plate-to-bone distance
should be maintained at or below 2 mm2),

Locking screws, a specialized variant of bone screws,
are characterized by threads on the undersurface or
within the countersink of the head. When tightened,
these threads engage with corresponding threads in
the plate aperture, thereby imparting both axial and
angular stability to the fixation construct. The
constituent components of a locking screw include
the head, shaft, thread, and tip**3.

The head acts as an interface for the screwdriver,
with engagement points designed to facilitate secure
manipulation during surgical procedures. The
undersurface may be conical or hemispherical,
providing varied fixation characteristics. The
presence of threads on the countersink is a crucial
differentiator from conventional screws. Below the
head, the runout represents the transition where the
thread begins, subjecting this region to high-stress
concentrations during insertion*?.
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Locked screws establish a rigid angular-stable
interface with the osteosynthesis plate, analogous to
the biomechanical integrity observed in angled-blade
plate constructs. The elimination of screw toggling
within locked plating systems significantly mitigates
the risk of fracture reduction loss, a prevalent
complication associated with conventional plate
constructs. Pullout failure mechanisms primarily arise
from shearing forces; when pullout forces surpass
pullout resistance, the screw extracts a cylindrical
bone segment proportional to its diameter. Divergent
screw orientations significantly bolster pullout
strength, further augmented by the fixed-angle
stable construct inherent in locking plate systems,
which offers substantial resistance to pullout
forces™?.

The fixation strength of orthopedic screws is directly
dependent on cortical bone thickness, with greater
cortex thickness correlating to an extended working
length. Working length is determined by the total
number of engaged threads, irrespective of whether
the screw is anchored in a single or both cortices. The
optimal working length is established when three to
four threads thoroughly engage within the osseous
cortical layer®¥. Universally, bicortical screw
placement ensures the maximal working length of
the implant (Figure 4). LIFP enables uni-cortical screw
application without compromising mechanical
strength, provided robust anchorage is achieved
within a normal-thickness cortex. Despite advantages
such as simplified placement and reduced inventory
requirements, uni-cortical screws exhibit a
diminished holding capacity compared to bicortical
screws (Less than half)©®.

Hazards associated with unicortical insertion include
potential compromise of bone thread integrity if the
screw tip contacts the far cortex prematurely.
Measuring the length of screw post-drilling is
recommended to ensure safe insertion. Bicortical
fixation is essential in scenarios involving
osteoporotic bones, thin cortices, anticipated high
torsional forces, and specific complications during
screw placement!*3®,  Although locking plate
constructs offer superior fixation in osteoporotic
bone, they inherently restrict interfragmentary
micromotion, thereby impeding callus formation. To
counteract this limitation, bridging plating techniques
have been developed to facilitate secondary bone
healing; however, the consistency of callus formation
with these constructs remains variable; In this
treatment modality, it is paramount to recognize that

A Review of Biomechanics and Function ...

during bridge plating across substantial gaps, screws
must be positioned proximally to the fracture line®?.
This proximity mitigates the stress on the plate,
thereby decreasing the likelihood of plate fracture.
Conversely, in cases of bridge plating over smaller
gaps, screws should be strategically placed further
apart, leaving two to three screw holes unoccupied.
This spacing facilitates the even distribution of
applied pressure along the entire plate length,
lowering the risk of treatment failure*23%),

|

QLT

Figure 4: Unicortical& bicortical screws &

working length?, Courtesy of AO foundation

Far cortex locking (FCL) screws, including innovations
like Zimmer's MotionLoc and AO Foundation's
dynamic locking screws, provide enhanced parallel
interfragmentary movement through flexible shafts
devoid of threads. FCL constructs significantly reduce
stiffness by promoting micromotion at fracture sites
and uniformly distributing loads, mitigating stress
risers commonly observed in traditional locked plate
systems. FCL screws also exhibit biphasic stiffness,
initially allowing for more significant
interfragmentary motion during early healing phases
Plate length and working length are essential factors
in optimizing fixation. Achieving relative stability is
paramount for managing comminuted fractures, and
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biomechanically analogous to external fixator pins, in
conjunction with the plate—serving as a unifying
stabilization bar—are strategically positioned in close
proximity to the mechanical axis of the bone. This
anatomical alignment enhances construct rigidity and
load distribution, conferring superior stability
compared to traditional monoplane external fixation
systems®?”). Overall, a functional locking plate
system causes minimal vascular damage compared to
intramedullary nailing or conventional plating,
making them a superior choice for fracture fixation
(Figure 2).

i

=

Figure 2: The distance between the locking plate
and the bone and the diameter of the locking
screw compared to the compression plate and

screw?®, Courtesy of AO foundation

The mechanical properties of locked screw-plate
assemblies in orthopedic applications reveal critical
interactions between various forces during fracture
fixation. A locked plate functions as a rigid fixed-angle
osteosynthetic construct, precisely preserving the
axial congruency and spatial orientation of the screws
relative to the plate?®. This configuration is pivotal in
augmenting the stability of the screw-plate-bone
assembly, establishing a stable single-beam
structure®. The mechanism effectively transduces
shear forces into compressive forces at the screw-
bone interface, which is advantageous given that
cortical bone exhibits superior strength under
compressive loads compared to shear loads. This
intrinsic characteristic of locked plates ensures
enhanced angular and axial stability, significantly
improving fixation®®. The structural rigidity of
external fixators is contingent upon multiple
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biomechanical parameters, including the material
composition, length, and diameter of the Schanz pin,
in addition to the dimensional attributes of the fixator
bar. This intricate interplay closely parallels the
mechanical relationship observed between a locked
screw and its corresponding plate, wherein the
screw’s geometric and material properties, along
with the plate’s structural configuration, collectively
dictate the overall stability and load-bearing capacity
of the osteosynthetic construct’®). Notably, the
reduced size of screws in locked plate constructs,
which are significantly shorter than those utilized in
external fixators, enhances rigidity; Consequently,
fracture stability is inherently dependent on the
biomechanical properties of the plate and the
magnitude of the applied physiological loads®?. The
intrinsic locking mechanism obviates the necessity for
axial preloading of the screw, thereby maintaining
the spatial relationship between the plate and the
osseous substrate while ensuring robust fixation. This
advanced stabilization strategy effectively negates
the need for meticulous plate contouring to conform
precisely to bone morphology, as the locked
construct provides secure anchorage irrespective of
minor anatomical discrepancies®®¥ (Figure 3).

Figure 3: The conventional screw structure fails
when the screws lose their hold in the bone and
are pulled out of the bone; the screws in this
structure fail sequentially. locking structure as an
integrated system, failure occurs when all the
screws are rem
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superior outcomes with reduced failure rates under
physiological loading conditions®?>?Y. Innovations
such as polyaxial locking systems, which allow for
multi-directional screw placement, and hybrid plates,
which combine locking and non-locking screw
options, have further expanded the versatility and
applicability of locking plate technology'??.

As we delve into the various topics within this field,
we will encounter numerous examples of these
evolutionary advancements, each contributing to the
improved efficacy and reliability of orthopedic
fracture fixation techniques. The ongoing research
and development in this area continue to push the
boundaries of what is possible, aiming to provide
better patient outcomes and more efficient surgical
procedures.

Biomechanical Paradigms
Osteosynthesis Plates

of Locking

Locking plates, engineered from biocompatible alloys
such as stainless steel or titanium alloy, have become
pivotal in modern internal fixation paradigms due to
their optimal elastic modulus characteristics. These
metallic constructs function as intrinsic orthopedic
splints, effectively mitigating the elastic deformation
of osseous structures under physiological loads. To
augment implant flexibility and minimize stress
shielding, the dimensions of these devices are
meticulously reduced, thereby enhancing their
conformity to native anatomical contours.
Consequently, these low-profile constructs—typically
fabricated from a malleable metal like titanium—are
associated with superior clinical outcomes in fracture
stabilization and osteosynthesis**?3),  Although
immunologically mediated hypersensitivity reactions
are uncommon following implantation, they are
typically  associated  with elevated local
concentrations of galvanic, fretting, and crevice
corrosion by-products within periprosthetic tissues.
The biochemical corrosion of metallicimplants in vivo
not only precipitates an adverse inflammatory
response but also compromises the implant’s
structural integrity by diminishing its fatigue
resistance over time®¥. The locked internal fixator
plate functions analogously to an external fixation
system, wherein the threaded screw head emulates
the biomechanical role of a Schanz pin by engaging
securely within the plate’s threaded aperture. This
locked construct establishes a rigid, fixed-angle
configuration, conferring both axial and angular
stability. Under physiological loading conditions,
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mechanical forces are effectively redistributed across
the osteosynthesis construct, facilitating load
transmission between osseous segments via the
locked screws, thereby enhancing fracture
stabilization and mitigating micromotion at the bone-
implant interface®. Unlike conventional plates,
locking screws do not compress the plate onto the
bone. Instead, they primarily endure bending loads
rather than tensile forces. As a result, the core
diameter of locking screws is inherently more
significant than that of conventional cortical or
cancellous bone screws (Figure 1), enhancing their
mechanical strength and resistance to deformation.
The integration of the locking plate and screws
establishes a rigid monoblock construct, which
exhibits reduced reliance on bone mineral density
and cortical anchorage. This biomechanical
independence from osseous quality renders locked
fixation particularly advantageous in osteoporotic
bone and anatomically constrained regions,
optimizing stability and load distribution(?>2°),

Figure 1: The locking plate acts as an external,
internal fixator that has a plate-like (A), and the
screws act like a Schanz pin (B).

The Locked Internal Fixator Plate (LIFP) functions as
an implanted analog of an external fixator,
embodying an innovative, biocompatible approach to
internal osteosynthesis. This construct optimizes the
physiological fracture repair process by facilitating
robust callus formation via secondary bone healing
mechanisms. The widely spaced locking screws,

J
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First-generation locking plates necessitated the
insertion of locking screws along a fixed axis!”). The
introduction of variable-angle locking plates has
afforded surgeons the flexibility to insert screws at
various angles, which is particularly advantageous in
managing intra-articular and metaphyseal
fractures®. Locking screws, distinguished by their
precisely machined threaded heads, engage
synchronously with corresponding threads in the
plate, culminating in a fixed-angle construct that
exhibits superior resistance against micromotion and
mechanical destabilization relative to conventional
non-locking constructs(>®,

Conversely, screws in a non-locking plate lack rigid
integration with the plating system, thereby
predisposing them to toggle or progressive loosening
within the osseous matrix®. The initial generation of
locking plates necessitated screw insertion along a
predetermined axis, whereas the advent of variable-
angle locking plates has conferred an enhanced
degree of intraoperative versatility, permitting
angulated screw placement—an innovation of
paramount significance in the stabilization of
complex intra-articular and metaphyseal fracture
configurations”:®).,

In this study, we will review the materials mentioned
regarding the available headings and examine these
tools' progress, advantages, and disadvantages.

History of Locking Plates

The transition from non-locking to locking plate
constructs in orthopedic surgical practice epitomizes
a fundamental conceptual metamorphosis,
transcending a mere enhancement in implant
engineering to embody a transformative shift in
biomechanical stabilization strategies and osseous
fixation principles®. This shift began with Carl
Hansman's introduction of the monocortical fixator in
1886, considered the earliest step in the evolution of
locking plate technology*®. Through successive
decades, various orthopedic fixation systems have
played instrumental roles in this evolutionary
trajectory, including the advent of the Litos
stabilization framework in 1974%, the pioneering
Zespol osteosynthesis system in 1982, and the
subsequent refinement culminating in the
widespread adoption of the modernized locking plate
construct in 199512,

Patrick Siirer independently developed the Surfix
system, which has remained unchanged since its
inception®¥, In parallel, the AO Foundation
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catalyzed advancements in the orthopedic
stabilization paradigm through successive technical
innovations—exemplified by the introduction of the
point contact fixator (PC-fix) in 2005 and the Less
Invasive Stabilization System (LISS) in 2001%%.
Collectively, these innovations culminated in the
emergence of a novel generation of locking
compression plates (LCPs), devices that have been
subjected to extensive iterative refinements to
optimize biomechanical stability and enhance
fracture fixation efficacy!*®.

Introduced in 1998, the Schuli locking nut system
signified a paradigm shift in orthopedic implant
technology by enabling the secure integration of
conventional screws within standard osteosynthesis
plates. This seminal innovation catalyzed subsequent
refinements in plate architecture, including the
optimization of locking hole geometries, the
enhancement of locking mechanisms, and the
evolution of screw configurations—all of which have
markedly augmented the biomechanical stability of
fracture fixation constructs*”).

The evolution of locking plates has been driven by the
need to balance mechanical stability with biological
preservation. Early rigid fixation methods, while
providing stability, often compromised the biological
environment necessary for optimal fracture healing.
This led to issues such as impaired blood supply, bone
resorption, and fracture non-union. The introduction
of locking plates addressed these concerns by
allowing for stable fixation without excessively
disrupting the biological processes of bone healing!*®,
Locking screws, defined by their threaded head
design, interlock with the plate's internal threads
during insertion, thereby establishing a fixed-angle
construct that exhibits diminished susceptibility to
toggling or mechanical loosening relative to non-
locking configurations®™9, Conversely, screws in non-
locking plates do not achieve a rigid connection with
the plate, predisposing them to micromotion and
potential loosening within the osseous substrate.
The initial generation of locking plates required the
insertion of screws along a predetermined, fixed axis.
In contrast, the advent of variable-angle locking plate
systems has endowed surgeons with enhanced
flexibility, allowing for multi-directional screw
placement—a critical advantage in the stabilization of
complex intra-articular and metaphyseal fractures.
The continuous evolution of locking mechanisms and
hole designs enhance the surgeon's experience,
improves biomechanical stability, and ensures
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A Review of Biomechanics and Function of Locking Plates in Orthopedic Surgeries:

Advantages and Limitations
(Review Article)

(Abstract \

Fracture fixation using plates has evolved over time. This progress is evident both in the types of devices used —
such as the development of locking plates—and in the conceptual approach of orthopedic surgeons, including
greater respect for soft tissue and minimal manipulation of it. In summary, locking plates function as internal
fixators, where the plate acts as a rod and the screws play the role of Schanz pins. This structure, which functions
as a solid, unified unit, is less dependent on bone quality, making it especially useful in the fixation of articular
surface fractures and metaphyseal fractures, particularly when using minimally invasive approaches. Numerous
advancements in the evolution of these plates—such as Variable Angle Plates and Locking Compression Plates
(LCP)—offer surgeons significant intraoperative flexibility. Understanding concepts such as working length and
screw density greatly assists surgeons in screw placement. Although there are no absolute contraindications for
the use of locking plates, their use is not recommended for simple diaphyseal fractures. Through ongoing
evaluation of design, biomechanics, and surgical concept comprehension, it is anticipated that newer and more
advanced locking plates will be developed in the near future through the collaboration of orthopedic surgeons and
engineers. This continuous improvement reflects the dynamic nature of orthopedic technology and surgical
techniques in fracture management.

Keywords: Bone plate, Biomechanics, Bone screws, Fracture fixation.
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The field of orthopedics has witnessed significant advancements across various
domains, with fracture fixation being no exception. Parren's innovation in
dynamic compression plating represented a seminal advancement in
orthopedic traumatology, effectuating enhanced rigid stabilization of osseous
discontinuities and expediting postoperative joint kinematics!!. Since the
advent of fracture remediation, orthopedic methodologies have witnessed a
plethora of paradigm-shifting refinements and  biomechanical
breakthroughs®®.

Although the initial paradigm of rigid fixation provided notable advantages, it
frequently encumbered the physiological fracture-healing cascade by
perturbing osseous perfusion, thereby precipitating end-fragment resorption
and potential non-union®®. During the 1990s, Swiss orthopedic innovator
Davos pioneered the locked plating modality, which engendered a paradigm
shift in fracture stabilization methodologies'. The integration of locked plating
systems has since become an indispensable facet of contemporary orthopedic
trauma management. Nevertheless, an intricate comprehension of the
biomechanical principles governing locking plate constructs is paramount for
their prudent and efficacious clinical deployment. Locking screws,
characterized by their threaded heads, engage with the threads of the plate
upon tightening, creating a fixed-angle construct that is less susceptible to
loosening or toggling compared to non-locking constructs®®. In contrast,
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Furthermore, parametric studies of the factors
affecting endochondral bone formation have
identified three material properties (permeability of
granulation tissue, Young's modulus of cartilage
tissue and permeability of immature bone) as the
most important factors affecting the numerical
simulation results of this phenomenon'®.

Further experimental studies to more accurately
measure these parameters, especially in relation to
humans, can lead to more realistic simulations in this
area. With the increasing computational power of
computers, it can be expected that in future models,
biological aspects (growth factors, angiogenesis, cell
distribution and movement, etc.) and mechanical
aspects (geometry and material properties and
natural loading, etc.) of the healing process will be
simultaneously considered and we will have more
coupled, comprehensive, and accurate models in this
area.

Conclusion

Numerous biological processes, such as bone healing,
are so intricate that addressing certain related
inquiries through physical experiments is often
exceedingly time-consuming, expensive, and at times
unfeasible. Theories in mechanobiology have
demonstrated their capability to elucidate the
influence of the mechanical environment on tissue
differentiation, growth, maintenance, remodeling,
and degradation. Over the last thirty vyears,
computational models of bone healing have
advanced significantly, evolving from basic single-
phasic linear elastic models that were solely
developed and resolved for a specific duration of the
healing process, to more sophisticated adaptive
models that incorporate the definition of porous
materials®?7),

Recently, attention has shifted from developing
mechanical analyzes to considering more biological
dimensions, including the effects of different cells,
growth factors, and the emergence of blood vessels.
Despite the remaining challenges in accurately
validating the results of computer simulation-based
research, = mechanobiological modeling  can
significantly increase our knowledge of the
mechanisms of biological phenomena and guide
future research areas and the invention of more
efficient methods and tools in this area.

——

105

A Review of Mechanobiological Models ...

Acknowledgments

The authors would like to express their sincere
gratitude to Tarbiat Modares University for its
support of this research.

References

1 Doblaré M, Garcia JM, Gomez MJ. Modelling bone tissue
fracture and healing: a review. Eng Fract Mech [Internet].
2004 Sep;71(13-14):1809-40. Available from:
https://doi.org/10.1016/j.engfracmech.2003.08.003

2 Isaksson H, Grongroft |, Wilson W, van Donkelaar CC, van
Rietbergen B, Tami A, et al. Remodeling of fracture callus in
mice is consistent with mechanical loading and bone
remodeling theory. J Orthop Res [Internet]. 2009 May
4;27(5):664-72. Available from:
https://doi.org/10.1002/jor.20725

3 Carter DR, Beaupr?? GS, Giori NJ, Helms JA. Mechanobiology
of Skeletal Regeneration. Clin Orthop Relat Res [Internet].
1998 Oct;355S(SUPPL.):S41-55. Available from:
https://doi.org/10.1097/00003086-199810001-00006

4 Geris L, Sloten J Vander, Van Oosterwyck H. In silico biology
of bone modelling and remodelling: Regeneration. Philos
Trans R Soc A Math Phys Eng Sci [Internet].
2009;367(1895):2031-53. Available from:
https://doi.org/10.1098/rsta.2008.0293

5 Van der Meulen MCH, Huiskes R. Why mechanobiology? A
survey article. J Biomech [Internet]. 2002;35(4):401-14.
Available from: https://doi.org/10.1016/s0021-
9290(01)00184-1

6 Claes LE. Mechanobiology of FractureHealingFrom Basic
Science to Clinical Application [Internet]. SpringerBriefs in
Bioengineering; 2022. Available from:
https://doi.org/10.1007/978-3-030-94082-9

7 lIsaksson H, Wilson W, van Donkelaar CC, Huiskes R, Ito K.
Comparison of biophysical stimuli for mechano-regulation of
tissue differentiation during fracture healing. J Biomech
[Internet]. 2006;39(8):1507-16. Available from:
https://doi.org/10.1016/j.jbiomech.2005.01.037

8 Carano RAD, Filvaroff EH. Angiogenesis and bone repair. Drug
Discov Today [Internet]. 2003 Nov;8(21):980-9. Available
from: https://doi.org/10.1016/s1359-6446(03)02866-6

9 Giannoudis P V. Fracture Reduction and Fixation Techniques
[Internet]. Giannoudis P V., editor. Fracture Reduction and
Fixation Techniques: Upper Extremities. Cham: Springer
International Publishing; 2018. 1-277 p. Available from:
https://doi.org/10.1007/978-3-319-68628-8

10 Ghimire S, Miramini S, Edwards G, Rotne R, Xu J, Ebeling P, et
al. The investigation of bone fracture healing under
intramembranous and endochondral ossification. Bone
Reports [Internet]. 2021;14:100740. Available from:
https://doi.org/10.1016/j.bonr.2020.100740

11 Marsell R, Einhorn TA. The biology of fracture healing. Injury
[Internet]. 2011  Jun;42(6):551-5. Available from:
https://doi.org/10.1016%2Fj.injury.2011.03.031

12 Gerstenfeld LC, Cullinane DM, Barnes GL, Graves DT, Einhorn
TA. Fracture healing as a post-natal developmental process:
Molecular, spatial, and temporal aspects of its regulation. J
Cell Biochem [Internet]. 2003 Apr 26;88(5):873—84. Available
from: https://doi.org/10.1002/jcb.10435

——



Yunus Rezvanifar et al.

Among the presented models, there are some
common shortcomings that are listed as follows:

1. The exact mechanisms, functions, and
cellular interactions are not fully understood,
and there is no consensus yet on which
mechanical  stimulus  (interfragmentary
strain, interstitial fluid flow, shear strain,
hydrostatic pressure, etc.) affects the healing
process.

2. In some models, only the biological factors
affecting the healing process are considered
without considering the mechanical stimuli
that are important for fracture healing. In
another group of models, only mechanical
stimuli is emphasized, and biological aspects
are considered in a highly simplified manner.

3. Inthese models, due to the limitations of the
methods used to solve the equations,
simplified geometry and isotropic and
homogeneous material properties are
generally used, whereas bone has a complex
geometric structure with anisotropic and
inhomogeneous material properties.

4. In these models, only one or a few factors
that may affect the healing outcome are
considered, and the healing process is viewed
from a specific aspect, and other factors are
not included in the models or are considered
with significant simplification.

5. The issue of validation of these models,
which is considered one of the most
important aspects of any modeling, exists as
a fundamental challenge in this field, which
will be discussed further below.

A key challenge in mechanobiological modeling is
model validation. In other words, determining the
extent to which the model's assumptions,
parameters and simulation results represent reality is
a significant challenge in these simulations”.
Validation of mechanobiological models is generally
achieved by comparing simulation results with
experimental data. For more accurate validation, it is
recommended that both the experiment and
numerical analysis be conducted by the same
research group(?304849),

Since this is not always feasible, comparing and
matching parts of the model with experimental data
from different laboratories has become common
practice, which is a point worth considering. In this
case, the increased possibility of error in correctly
assigning numerical model parameters,
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corresponding to what happened in the actual
experiment, exists because some details of other
research groups' laboratory work, such as the
mechanical properties of the tissue or boundary
conditions, are not always clear and available®®®,
With increasing modeling complexity, researchers
often encounter situations where they cannot
accurately determine parameter values. For example,
the cell migration rate measured in in vitro
experiments is also considered approximately the
same value when interpreting in vivo experimental
results. Additionally, experimental data obtained
from different animal species are used for other
species or humans with scaling, which is certainly not
an accurate method. In these cases, to determine the
degree of confidence in the simulation results,
parametric analysis or sensitivity analysis should be
performed. For example, to evaluate the importance
of assumptions made about cell activity rates, tissue
mechanical properties, and assumptions related to
angiogenesis, the design of experiments or
parametric analysis has been used °3%5Y |f the
model is not sensitive to parameters whose exact
value is less well-known, greater confidence in the
simulation results is obtained. However, if the
simulation is highly dependent on a parameter for
which there is insufficient experimental data for
accurate determination, that simulation may not be
much valuable®”,

Future Work

Although there are significant limitations in the field
of numerical simulations, especially in evaluating
initial assumptions, the use of mechanobiological
modeling has led to significant advancements in this
area. Validated mechanobiological models can
contribute to improve our understanding of the
biology of bone healing processes and identify areas
that require further research. Validated models can
be used in the design of new experiments alongside
theoretical models and animal experiments and raise
future research questions. One of the most important
applications of mechanobiology is the development
of new treatment methods (e.g., in the treatment of
bone fractures). For example, Geris et al. investigated
the ability of their model to predict the outcomes of
certain treatments, such as the injection of stem cells
and growth factors to increase bone formation°°3),

Other areas of mechanobiological modeling
application include its use in improving the design of
implants and bone tissue  engineering®.
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finite element model) of the fracture, along with the
geometry of the callus, is created. The material
properties of the granulation tissue for the callus are
then assigned. Subsequently, the model is subjected
to a specific load, and the value of the mechanical
variable or variables (mechanical stimulus) within the
callus tissue is calculated. Based on the
mechanobiological model and the concentration of
stem cells, the type and quantity of tissue that should
be formed are computed. To modify the properties of
the callus tissue, one of the numerical smoothing
methods is used to prevent abrupt and unnatural
changes in the mechanical properties of the tissue®).
The fracture model with the new material properties
is subjected to the load again, and a new mechanical
stimulus is calculated. This cycle continues until the
solution converges, and the callus tissue reaches its
final properties.

Determining the external mechanical loads
transferred to the fracture site through new tools is
no longer challenging. Bone healing simulations can
determine how these loads are converted to tissue-

t=0, granulation

tissue callus
< 1 Update material
properties
Loading
Adaptive
process
over time
Biophysical

stimuli

Finite element analysis
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level stimuli through mechanobiological models.
However, determining how mechanical loads at the
tissue level are converted to the cellular level and the
mechanical stimulus that each cell senses, as well as
how these stimuli are translated into biochemical
signals by these cells, has been difficult and has
recently attracted the attention and focus of
researchers in this field“®,

The finite element analysis is a powerful tool that
allows scientists and engineers to predict the
mechanical response of biological tissues using
mechanobiological models and to simulate complex
processes such as bone fracture healing™®. Although
new software has eliminated many time-consuming
modeling steps and enabled more people to enter
this field, this simplicity can also increase the
likelihood of incorrect simulations or the production
of inaccurate results®”),

It should be noted that computational models will
never perform better than their worst initial
assumptions. Adding any new mechanical or
biological aspect to the model increases the number
of parameters involved in the modeling, and how to
determine each parameter and its accuracy can
present new challenges for the researcher.

<:' Smoothing
procedure
New tissue Cell concentration
phenotype (Diftusion)

i)

Mechano-regulatory algorithm

0 0.05%

Cartilage

Figure 3: Flowchart of the Application of Mechanobiology Models and the Finite Element Method in

Simulating the Bone Fracture Healing Process (Figure adapted from** with slight modifications)
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mechanobiology  algorithm  of Lacroix and
Prendergast®®. The simulation results of both models
were similar, although the random cell walk model
predicted a more irregular tissue distribution
compared to the diffusion model. Although the
results of each simulation varied slightly due to the
stochastic nature of the model, there was a good
qualitative agreement between the histological data
and the simulation results in simulating the data of a
bone chamber experiment®*,

Greater attention to biological aspects of
healing process

Although sufficient blood supply is essential for the
delivery of oxygen and nutrients to cells, the
previously discussed models have indicated that the
mechanical environment was the only determinant of
cellular functions. Given that a low-oxygen
atmosphere promotes cartilage development while
bone formation requires a high-oxygen environment,
angiogenesis, which refers to the formation of new
blood vessels, plays a crucial role in the process of
bone healing®”. Geris et al. expanded upon the
Bailon-Plaza and van der Meulen model by
incorporating angiogenesis influenced by growth
factors, and they contrasted their findings with
experimental data pertaining to normal fracture
healing®*%%%7), Oxygen diffusion is restricted to a
mere few hundred micrometers surrounding the
capillaries, thus the configuration of the newly
formed vascular network is crucial in the process of
bone healing. Checa and Prendergast expanded upon
the Perez and Prendergast random cell walk model to
incorporate  angiogenesis as well®33®,  They
replicated tissue differentiation in the space between
the implant and bone while subjected to shear
loading, discovering that their model could replicate
a vascular network akin to that observed in the
experimental setup. This resulted in a forecast of
more varied and natural tissue differentiation in
contrast to earlier simulations. Furthermore, this
model took into account mechanical influences and
demonstrated that increased loading could diminish
the rate of vascular network development and
postpone the formation of bone tissue.

Given that ultrasound has the potential to markedly
elevate the concentrations of cytokines, fibroblast
growth factor, and vascular endothelial growth factor
(VEGF), which influence angiogenesis, Vava et al.
suggested a comprehensive mathematical model
that incorporates partial differential equations to
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depict the spatiotemporal development of soft
tissue, bone, and vascular networks®?. In this model,
which is grounded in prior experimental research,
ultrasound was identified as the primary factor
influencing VEGF. This model offers novel
perspectives on the impact of ultrasound on bone
development and angiogenesis3%4),

Considering that the precise role of immune cells and
their influence on fracture healing remains unclear,
Kojouharov et al. introduced a novel mathematical
model composed of nonlinear ordinary differential
equations. This model aims to investigate the initial
inflammatory responses during the bone healing
process, integrating immune cells, histiocytes, and
their regulatory signals“Y). Their numerical
simulations indicated that administering anti-
inflammatory cytokines at the onset of the healing
process could potentially expedite the healing
duration. The ideal dosage is contingent upon the
specific type of fracture, and elevated levels of
inflammatory cytokines adversely affect the healing
time of fractures.

In the work of Kojouharov et al., the first attempt was
made to include macrophages in a mathematical
model simulating the fracture healing process“?.
Trejo et al. extended the that work by including two
other types of macrophages and proposed a new
mathematical model consisting of nonlinear ordinary
differential equations to study macrophage-
controlled inflammation in the early stages of
fracture healing®?.

Zhang et al. have also recently explored the
inflammatory processes that occur during the initial
phases of healing. In order to examine the impact of
tumor necrosis factor (TNF) on the early stages of
fracture healing in both normal and diabetic
conditions, the researchers developed a numerical
model composed of partial differential equations that
characterize the roles of cells and cytokines in
fracture wounds'®.

They determined that an optimal concentration of
TNF-a exists, which can enhance the healing of
fractures, whereas excessively high levels (as
observed in diabetic conditions) or significantly low
levels of TNF-a can hinder the healing process.
Implementation of
Models

Mechanobiological

Mechanobiological models are commonly employed
to simulate the fracture healing process in long bones
(Figure 3)“. Initially, a numerical model (typically

]
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process. By juxtaposing finite element analysis with
histological findings, they successfully linked
intramembranous ossification to local strains of
under 5% and hydrostatic pressures ranging from +
0.15 MPa. It was determined that compressive
hydrostatic stresses exceeding 0.15 MPa and strains
below 15% acted as catalysts for endochondral
ossification. Conversely, alternative conditions
resulted in the development of fibrous or
fibrocartilaginous tissue. In the investigation
conducted by Claes and Heigele, the tissue formation
process was not modeled in an adaptive manner (i.e.,
gradually and incrementally); instead, the focus was
on examining the mechanics of the healing tissue at
designated time points to ascertain the stimulation
threshold necessary for the development of each
type of tissue.

Biphasic and adaptive finite element
models

In a biphasic simulation of tissue differentiation
around an orthopedic implant, it was observed that
interstitial fluid flow had a significant effect on the
stress distribution in the callus tissue under
mechanical loading!®?”. This highlighted the
importance of two-phasic modeling. Therefore, in
2002, Lacroix and Prendergast based their tissue
differentiation model on a finite element analysis
with the properties of poroelastic materials from the
process of tissue healing around an orthopedic
implant!?®., They proposed two stimuli, deviatoric
strain in the solid phase and fluid velocity in the
interstitial fluid phase, as regulators of the cell
differentiation process (Figure 2e). High values of
either of these two variables led to the formation of
fibrous tissue, and only when both variables were low
enough did ossification occur.

Isaksson et al. in 2006, in a biphasic fracture healing
model, compared and analyzed the
mechanobiological algorithms of Carter et al., Claes
and Heigele, and Lacroix and Prendergast, and
introduced a new mechanobiological algorithm
based solely on deviatoric strain (Figure 2f){37:2428) |n
this work, it was observed that all the compared
algorithms produced relatively similar results. This
can be attributed to the presence of both a
volumetric and a deviatoric component in each of
these algorithms. Another interesting point in the
study of Isaksson et al. was that the simulation results
based solely on deviatoric strain were very close to

(
\

101 ]

A Review of Mechanobiological Models ...

the results of the
algorithm(28:29),

Therefore, they concluded that the deviatoric
component may be a more important factor in
predicting the outcome of the fracture healing

process than the volumetric component.

Lacroix and Prendergast

Callus Growth Models

In the tissue differentiation process, not only the
tissue of callus but also its geometric shape changes.
In all the studies mentioned earlier, volumetric
growth of the callus tissue was neglected. In 2006,
Isaksson et al., using the Lacroix and Prendergast
algorithm and adding volumetric growth of the callus,
simulated tension-based bone formation and
validated the results with experimental studies®®39),
Also in the same year, Aznar et al. proposed a
continuous  mathematical model of tissue
differentiation and volumetric growth of callus in
fracture healing®y. Their model simulated
phenomena such as migration, proliferation, and
differentiation of stem cells, and death of various cell
types. They also incorporated a criterion for tissue
damage and remodeling within their model. The
second variable of the deviatoric stress tensor was
regarded as a stimulus for the tissue differentiation
process. Volumetric growth was determined by the
guantity of tissue production and was simulated
independently in a finite element model that utilized
thermal expansion. Although the predicted callus
shape was not completely physiological at its edges,
the prediction regarding the alteration in callus size in
response to variations in interfragmentary
movements, fracture gap dimensions, and the
stiffness of the fixator was executed accurately®Y,
Bailon-Plaza and van der Meulen were the first to
develop a mathematical framework for investigating
the effect of growth factors on bone healing®?. They
employed the finite difference analysis to simulate
cellular phenomena and the differentiation of tissue-
specific cells in the callus. Unlike previous models, in
their model, cellular differentiation was controlled by
two growth factors (instead of mechanical
stimulation).

In 2006, Perez and Prendergast developed a new
model to simulate cell movements in the callus®.
The model of random cell walk included both directed
and undirected cell migration, leading to anisotropic
cell proliferation and migration. In this study, a 2D
cross-section of the implant and bone was modeled
using their random cell walk model and the
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Single-Phasic Finite Element Models

In 1988, Carter et al. proposed a model based on
Pauwels' model, in which the process of tissue
differentiation over time could be predicted based on
the history of local stress and strain®?. A decade
later, in 1998, they developed this model into a more
general model in which, if the callus is subjected to
high tensile strains, fibrous tissue is formed, and
when the pressure is high, cartilaginous tissue is
formed (since this tissue can withstand hydrostatic
pressure)®. Bone is only formed when the
hydrostatic pressure is low (Figure 2c). Although
Carter and his colleagues did not introduce a specific
threshold for tension and pressure in their research,
it was the first study in which finite element analysis
was used to investigate the relationships between
local stress and strain levels and differentiated tissue.
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They stated that adequate blood flow is essential for
bone formation, and insufficient blood supply leads
to the formation of cartilaginous tissue.

In 1998, Claes and Heigele conducted an
interdisciplinary study comparing histological data
from animal experiments and finite element analysis
to evaluate the effects of gap size and
interfragmentary strain on bone healing!?®. Based on
histological observations, Claes and Heigele
developed a mechanobiological algorithm similar to
that of Carter et al. and, for the first time,
guantitatively defined the thresholds for stimulating
the formation of different tissues (Figure 2d)?*. To
achieve this objective, the researchers employed a
hyperelastic solid finite element analysis, adjusting
the mechanical properties of the model at various
time intervals throughout the fracture healing
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The newly created, initially disorganized bone tissue
is progressively substituted by more structured and
robust lamellar bone tissue. This remodeling process
reinstates the healing area to its original architecture
and characteristics prior to the fracture.

Relationship between Bone Healing and
Remodeling

It is crucial to note that bone healing and remodeling
are two distinct yet interconnected biological
processes occurring in bone tissue. Although these
phenomena share similarities, they have different
objectives and operate through different
mechanisms. Bone remodeling is a lifelong process
involving the coordinated activity of osteoclasts,
osteoblasts, and osteocytes to replace old or
damaged bone tissue with new bone tissuet*”).
Ensuring bone strength, maintaining calcium and
phosphate balance, and adapting to existing
mechanical environmental conditions are the
primary goals of the remodeling process. On the
other hand, bone healing is the process of repairing
bone tissue after a fracture. A chain of events occurs
after a bone fracture to refill the fracture site with
new bone. These events include an initial
inflammatory response, bone healing with the
formation of a soft callus, and its replacement with a
hard callus and bone®.

Newly formed bone remodeling primarily begins
after the completion of the healing process and
continues until its mechanical properties reach the
initial state. The focus of this research is to review
algorithms related to bone fracture healing, as
examining algorithms related to remodeling itself
requires a separate study.

Mechanobiological

Fracture Healing

The use of mathematical modeling with numerical
solution methods has significantly improved medical
analysis'*®. Computational mechanobiology seeks to
determine the governing laws of stem cell
differentiation, tissue growth, adaptation, and
maintenance under the influence of mechanical
loading®.

These processes are simulated using
mechanobiological algorithms (models describing
biological activities) and generally with numerical
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solution methods (including the finite element
analysis). These models are based on the assumption
that local mechanical variables (such as stress, strain,
fluid velocity, etc.) are the driving force for the
differentiation of stem cells into other cell types at
the fracture site. In the following, some
mechanobiological algorithms for bone healing are
reviewed.

Early Theories

In 1960, Pauwels was the pioneer in suggesting a
distinct theoretical framework regarding the impact
of mechanical forces on the pathways of tissue
differentiation (Figure 2a)®.

He proposed that various tissues are adapted to
endure particular mechanical conditions. For
example, tension encourages the development of
fibrous tissue, whereas hydrostatic pressure results in
the creation of cartilaginous tissue. In his perspective,
the formation of bone necessitates a relatively stable
mechanical environment characterized by low stress,
and ossification occurs only after the soft tissues have
adequately stabilized the surroundings. Given that
the direct formation of a bony bridge is initially
unfeasible to connect the two sides of an unstable
gap, intermediate tissues serve to stabilize the
fracture gap to some extent and establish a stable
mechanical environment conducive to ossification.
Pauwels, for the first time, based on clinical
observations and reasoning, theorized about the
influence of the mechanical environment on the
development of various tissues and established the
groundwork for the rationale behind all
contemporary models. In 1980, Perren and Cordey
suggested that the formation of different tissues
depends on the resistance of each tissue to strain®?.
A tissue that fails at a particular strain level cannot
form in a region with the same or higher strain.
Interfragmentary strain is calculated by dividing the
longitudinal displacement of the fracture gap (small
movements of the gap due to loading) by the initial
size of the gap. As the interfragmentary strain
decreases, granulation tissue differentiates into
fibrous tissue, then cartilaginous tissue, and finally
into bone tissue (Figure 2b). However, this hypothesis
only considered axial strains and did not include the
effect of other important strains, such as radial and
circumferential strains, which certainly have an
impact on the healing process.
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In mechanobiology, computational models, in
conjunction with in vivo and in vitro experiments, are
employed to quantitatively determine the rules that
link mechanical loads to the differentiation, growth,
and maintenance of various tissues®. In these
models, mechanical forces are exerted on the
geometry of the model, while the mechanical
properties of the tissue are evaluated through finite
element analysis. The biological component of the
calculations relies on several assumptions that treat
particular mechanical variables as triggers for distinct
cellular functions”). Computational models are
growing more intricate due to the enhancement of
computational capabilities and the expanding
understanding of mechanobiology. Additionally, both
experimental and computational research play a
crucial role in enhancing our comprehension of
mechanobiology. The convergence of these two
domains is vital, as models can facilitate the analysis
of experiments, while experiments can yield insights
and correlations that inform the refinement of
current models.

In this article, existing mechanobiological algorithms
are briefly reviewed. Our focus is on studies that have
used these algorithms in conjunction with the finite
element analysis to study bone fracture healing.
Recent advances in this field, along with existing
challenges, are also presented, and future capacities
are discussed. The aim of this research is to describe
the most important existing works and emphasize
certain advancements and prospective pathways in
bone healing modeling.

Stages of Bone Fracture Healing

A bone fracture triggers a sequence of tissue
reactions that eliminate bone debris, restore blood

Hematoma

Soft callus

New blood
vessels
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circulation, and generate a new skeletal matrix®.
After the healing and remodeling process of the
fracture site, the structure reverts to its condition
prior to the injury (Figure 1). Bone healing may take
place via either primary or secondary mechanisms.
Primary healing, also referred to as direct healing or
intramembranous bone formation, entails the direct
generation of bone without the development of
external tissue (callus)*. This process occurs only
when displacements are very small or the fracture
gap is very narrow (800 pm to 1 mm)®¥, Unlike direct
healing, secondary healing, also known as
endochondral bone formation, occurs more often in
conditions of interfragmentary movement. Most
fractures heal via endochondral ossification.
Secondary healing is divided into three general
stages: inflammation (hematoma formation), healing
(formation of soft and then hard callus), and finally
remodeling (Figure 1)®. In the inflammatory phase,
mesenchymal stem cells move towards the fracture
site to create granulation tissue?. These cells
proliferate and subsequently differentiate into
various cells that can produce fibrous, cartilaginous,
or bone tissue!*®. The broken bone fragments are
initially connected by an external callus of soft tissue
(fibrous or cartilaginous tissue)**. Gradually, the
cross-sectional area and stiffness of the callus
increases, and the fracture site becomes
mechanically more stable. Interfragmentary
movements at the fracture site decreases over time
as the callus stiffens, and eventually, portions of the
callus are transformed into a bony bridge between
the fracture fragments through the deposition of
calcium®. Following the formation of the bony
bridge within the callus and the rejoining of the
fracture fragment ends, the processes of remodeling
and bone resorption commence(*®,

Intramembranous

ossification

Hard callus\

3

Figure 1: Stages of Bone Fracture Healing: a) Inflammation (Hematoma Formation) b) Soft Callus

Formation c) Hard Callus Formation d) Bone Remodeling (Figure adapted from® with slight modifications)
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A Review of Mechanobiological Models of Bone Fracture Healing: Recent Advances

and Future Directions
(Review Article)

(Abstract \

The healing of bone fractures is a multifaceted process that ultimately leads to the creation of new bone tissue. A
significant factor influencing this process is the mechanical environment present at the site of healing.
Computational models that employ mechanobiological algorithms are capable of simulating the impact of
mechanical stimuli on the differentiation of stem cells into various tissue types during the bone healing process.
This paper provides a review of the domain of computational mechanobiology, particularly concerning bone
healing, and evaluates the existing mechanobiological models. Furthermore, it discusses recent developments and
the current challenges faced in this area. Recently, there has been a growing interest in integrating
mechanobiological algorithms with a more comprehensive depiction of cellular and molecular events. A primary
challenge in this domain is the validation of these models through their comparison with experimental data. Such
models can enhance our understanding of the bone fracture healing process and improve the design of implants
and treatment analyses. However, existing mechanobiological models are still in their early stages and require
ongoing updates and refinements to keep pace with the continuous advancements in the field of stem cell
mechanobiology.

Keywords: Fracture healing, Mesenchymal stem cells, Finite element analysis, Bony callus.
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IR R UL Bone fracture healing is a unique biological process that initiates immediately
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PR R R following bone tissue injury™. Unlike other tissues that heal by forming scar
A JIVINE SR LG tissue, bone heals by forming new bone tissue. The healing process involves
VTS I complex and multifactorial molecular and cellular events that can lead to the
formation of new bone. New bone is continually remodeled and, after healing,
the original site of injury is difficult to distinguish from the surrounding bone'?.
Bone healing generally occurs in a stepwise manner through a tissue
differentiation process where the formation of intermediate tissues prepares
the conditions for osteogenesis®. The mechanisms by which mechanical
stimuli are converted into biological responses are not yet fully understood®.
A deeper comprehension of these processes will facilitate the creation of more
accurate strategies for fracture treatment. Mechanobiology examines the
ways in which mechanical loads are conveyed to cells through signaling®. By
better understanding the effects of mechanical stimuli on the formation of
different tissues, it is possible to adjust physiological conditions and drug
factors for better and faster formation of the desired tissue. The utilization of
computer modeling has significantly influenced the domain of
mechanobiology®. Computational models have enabled the investigation of
the connection between mechanical loads and the local stresses and strains
that influence tissue development. Numerous biological processes, such as
bone healing, are inherently complex, making it frequently time-consuming,
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Table 1: clinical results of used and new set of arthroplasty

mean n SD P value
0ld=39.57 Old=17 7.94
oxford New=39.74 New=103 8.9 0.87
0ld=14.36 Old=17 06
WOMAC New=13.02 New=103 0.7 0.17

Table 2: Range of motion of knee after total knee arthroplasty using used and new sets

flexion Flexion contracture
New set 120 (100-135) 2 (0-5)
Used set 115 (90-130) 7 (0-20)
P VALUE 0.08 0.1

i

Figure 2: Due to wider slot in old case more bone is resected using old set

Conclusion References

Despite the use of advanced technology, orthopedic 1 Yaron BZ, llan S, Tomer K. Patients undergoing staged
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Materials & Methods

Between 2022 and 2024, 270 patients underwent
knee joint replacement surgery at our hospital.
Among these, 43 patients with severe osteoarthritis
or rheumatoid arthritis were excluded from the
study. Two patients were also removed due to
infection. Forty-two patients were operated on using
Stryker instruments and 183 patients using Depuy-
Synthes instruments. Only these 183 patients were
included in the study. Sixty-three patients were lost
to follow-up, leaving 120 patients for analysis,
consisting of 105 women and 15 men. The average
age of patients in this study was 63.7 years. All
patients were operated on by a single surgeon. We
had two sets of Depuy instruments in this study, with
the first 17 patients operated on using the old set and
the subsequent 103 patients using the new set. A
bone saw system was used in both groups, and the
thickness of the saws was the same in both groups. A
used insertion set was defined as a set that had been
used and re-sterilized many times and had signs of
wear visible to the surgeon.

The old set had been in use for ten years. For all
patients, Oxford and WOMAC scores were recorded
by an orthopedic assistant at least 6 months and a
maximum of 18 months post-surgery, and statistical
results were compared between the new and old
groups using SPSS software.

The Chi-square test with a p-value of less than 0.05
was used to determine the significance of differences
in results. The average knee flexion and flexion
contracture were compared between the two
groups. VAS scores from 0 to 10 were used to assess
pain levels. Additionally, we meticulously compared
each instrument from the old and new sets visually
for bending and deformity. The level of wear was
compared by measuring the width of the jig cutting
guides in both groups.

Table 1 shows the clinical results of the new and worn
sets. As observed, there is a significant difference
between the two groups in terms of WOMAC and
Oxford questionnaires. The average pain
measured by VAS in the worn set group was 3 (0-6),
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while in the new set group, it was 2.5 (0-6). In terms
of comparing instrument deformity, we did not find
significant visual differences between the two sets.
However, the width of the jig cutting guides for the
distal femur and proximal tibia was markedly
different, with corrosive wear in the old set causing a
widening of 4 millimeters in the femur jig and 3
millimeters in the tibia jig (Figure 1). This widening
allows pendulum movement of the orthopedic saw
blade and could result in the removal of more bone
than intended.

In this study, the clinical outcomes of patients
operated on with both worn and new sets of knee
replacement instruments were assessed, showing
greater range of motion in the new set. It was also
established that corrosive wear in the used set could
gradually lead to widening of the jig cutting guides,
resulting in more bone removal in the distal femur
and proximal tibia. Wear is a significant degradation
process in materials caused by interactions between
reactions and mechanical stresses and can lead to the
deterioration of components exposed to mechanical
forces(®”),

Attention to the potential for corrosive wear is
essential not only to maintain accuracy in surgical
techniques but also to minimize the risk of failure in
knee joint replacements®. Bone cutting jigs primarily
have grooves where the orthopedic saw blade enters
and performs the bone cutting along these grooves.
The diameter of these grooves corresponds to the
diameter of the saw blade to prevent pendulum
movement and ensure precise cuts strictly along the
jig grooves. Over time, continuous use of the saw
blade and the development of corrosive wear
increase the diameter of these grooves, allowing
pendulum movement of the saw blade, resulting in
greater bone removal (Figure 2).

Excessive bone removal from the distal femur leads
to instability during knee flexion and creates an
imbalance in flexion and extension. These technical
errors ultimately reduce the knee's range of motion
and lead to flexion contractures. The clinical findings
in our patients with the worn set align with the
widening of the jig guides in this group.
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The Impact of Using a Used Total Knee Replacement Set on Clinical Outcome

ﬁbstract \

Introduction: Success in knee joint replacement surgery depends on various factors, one of which is the correct
technique and avoidance of technical errors. This, in turn, requires the use of precise orthopedic instruments and
tools. Over time, orthopedic tools may experience wear and corrosion, negatively impacting the clinical outcomes
of joint replacement. In this study, we compare the clinical results of two groups of patients operated on with new
and used sets, and we examine the effect of wear in this group of patients.

Materials & Methods: Two groups of patients who underwent knee arthroplasty using new and used sets from
the same company were compared in terms of range of motion and Oxford scoring. The new and used instrument
sets were also compared visually to identify differences in the shape of the instruments.

Results & Discussion: The average extension in the worn group was 7 degrees, while in the new set group, it was
2 degrees. The flexion in the worn set group was 115 degrees, and in the new set group, it was 120 degrees.
Statistical calculations showed a significant difference between the two groups in both parameters, with a p-value
> 0.05. Regarding the VAS pain scoring, patients in the new set group reported a pain score of 2.5, while the worn
set group reported a score of 3. In the examination of the instrument, the diameter of the jig cutting guides for
the distal femur was 4 millimeters and for the tibia was 3 millimeters. This measurement in the new set was 2
millimeters.

Conclusion: Bone cutting jigs can undergo mechanical wear and lose their initial accuracy. This loss of accuracy
negatively impacts clinical outcomes.

Keywords: Surgical instruments, Total knee replacement, Treatment outcome, Knee.
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University of Medical Sciences, Tabriz, Knee joint replacement surgery is one of the most successful orthopedic
Iran. procedures in terms of improving function and reducing pain in patients with
knee osteoarthritis. Surgical precision is crucial for achieving proper
alignment™?. The instruments used during surgery, such as cutting guides,
reamers, and trial components, must have high accuracy and optimal
performance. However, the use of worn instruments, primarily due to multiple
sterilizations and corrosive wear, can disrupt the accuracy of prosthesis
placement®. Surgical instruments in total knee arthroplasty are mainly
designed for precise bone cuts and soft tissue balancing. The wear and tear of
these instruments can disrupt critical stages of the surgery and lead to poor
surgical outcomes. Damaged guides and jigs can also lead to errors in angle
measurement and ultimately disrupt the alignment of the implant, which can
result in reduced range of motion and pain. The risks posed by worn
instruments can also relate to prolonged surgery duration and increased
infection risk*,

In this article, we compare the clinical outcomes of two series of patients who
underwent knee joint replacement surgery using the same surgical system but
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Iran.
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Email address: with two different sets based on wear and performance, and we examine the
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Limitations and Recommendations

Our study had several limitations, including its single-
center design and relatively small sample size.
Additionally, the low number of male participants
may have influenced the results. Therefore, we
recommend future multicenter studies with larger
sample sizes to improve the precision of findings. We
further suggest comparative studies evaluating open
versus arthroscopic surgical approaches.
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size, and duration revealed an increase in range of
motion across all cases, with no correlation found
between abduction and these factors. Overall, a
significant difference was observed between the
mean external rotation before and after surgery (P-
Value =0.043). This difference was more pronounced
in women compared to men (P-Value <0.05).
However, there was no correlation between the
improvement in external rotation and the patients'
age, duration of the tear, or tear size. The range of
internal rotation clearly increased postoperatively (P-
Value =0.010), with this increase being more
significant in women than in men (P-Value<0.05).
Comparison of pre- versus post-operative internal
rotation revealed age-dependent outcomes, with
significantly better improvement in patients under 50
years compared to those over 50 (P-Value =0.020).
No correlation was observed between internal
rotation (pre- or post-operative) and either tear
chronicity or tear dimensions.

Rotator cuff injuries cause shoulder dysfunction and
pain'¥” making their treatment essential. The first-line
treatment is conservative management, while
surgery is considered second-line therapy®® This
study aimed to investigate the impact of open rotator
cuff repair on pain and shoulder function in 37
shoulders from 37 patients with a mean age of 51.59
years who were candidates for open rotator cuff tear
repair. All assessed parameters, including ASES, VAS,
abduction, internal rotation, and external rotation,
showed improvement after surgery, with more
pronounced changes observed in women. However,
due to the small number of male participants in this
study, further investigation is warranted in this
gender.

The range of motion for external rotation and
abduction, as well as VAS and ASES scores, did not
correlate with age, tear size, or duration of the tear.
In contrast, when comparing the range of motion for
internal rotation before and after surgery, it was
noted that there is a relationship with age,
particularly in patients younger than 50 vyears.
Although postoperative pain improved significantly,
it did not reach zero levels. In a 2004 study conducted
by Murat Bozburun et al. in Turkey titled "Long-Term
Results of Open Rotator Cuff Repair" involving 90
shoulders from 88 patients, the demographic
distribution showed 40.9% female and 8.1% male

(
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participants, with a mean age of 57 vyears -
contrasting with our study's mean age of 59.51
years?9,

Their clinical evaluation assessed both active and
passive range of motion (flexion, extension,
abduction, internal/external rotation) and muscle
strength pre- and post-operatively, whereas our
study focused specifically on abduction, internal
rotation, and external rotation. Shoulder function
was evaluated using the Constant-Murley score in
their study versus the ASES questionnaire in ours.
Notably, Murat's study did not report gender-based
differences in functional or ROM outcomes, unlike
our findings. Both studies demonstrated effective
improvement in pain, active ROM, and patient
function following open rotator cuff repair. A 2015
Iranian study by Mohammadreza Giti and Amir
Sobhani Iragi titled "Open Rotator Cuff Repair Using
the Deltopectoral Approach" evaluated cost-effective
repair for patients unable to afford arthroscopic
techniques. Their cohort of 80 patients (60% male,
40% female, mean age 60 years) differed
demographically from ours®Y. While both studies
documented VAS and ASES score improvements at 6-
month follow-up, they didn't separately analyze ROM
gains as we did. Sgouris et al.'s 2018 US meta-analysis
"Rotator Cuff Repair: Postoperative Rehabilitation"??
corroborated our findings regarding postoperative
shoulder function and ROM improvement, though
unlike our study, they didn't quantify pain reduction.
Pivotal 2023 Brazilian research by Rafael Pirami et al.
("Clinical Outcomes and Cost Analysis of Rotator Cuff
Repair") compared open (n=16) versus arthroscopic
(n=346) approaches?,

Their open repair subgroup (7M:9F, mean age 59.75)
showed superior 12-month quality-of-life
improvements in females, potentially due to higher
postoperative reporting rates - a trend we observed
in our 37-patient study (mean age 59.51) where
women demonstrated more pronounced pain relief
and functional recovery, possibly influenced by our
male-female ratio.

Conclusion

Considering that the range of motion, pain levels, and
all Function outcomes in patients improved following
open Rotator cuff surgery performed exclusively by
single surgeon and is recommended for patients who
do not respond To conservative treatment and do not
have contraindications For surgery.
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As most tears are due to age-related degeneration,
individuals over the age of 40 are at a higher risk®"
Rotator cuff tears can be classified as acute, chronic,
or subacute!*” Generally, rotator cuff tears are
categorized into complete and partial tears. In
complete tears, the size of the tear can vary: small
(less than 1 cm), medium (1 to 3 cm), large (3to 5cm),
or massive (greater than 5 cm)*8
This  cross-sectional study (before-after) was
conducted on patients who visited the orthopedic
clinic of Arya Hospital in Mashhad, Iran, between
2023 and 2024. In all patients, rotator cuff tears were
confirmed through clinical examination and MRI. At
the time of the patients' visits, a comprehensive
history was taken, including details about their
current condition, previous illnesses, medications,
surgical history, and social history. The study involved
37 patients, comprising 3 men (8.1%) and 34 women
(91.9%), with an average age of 51.59 years. Patients
were followed up for one month after their surgery.
Inclusion criteria for this study required that all
patients be 18 years of age or older and have either
complete or partial tears (at least 50% tendon
thickness) accompanied by symptoms of pain or
weakness that had not improved with conservative
treatment.
Patients were excluded from the study if they had any
of the following conditions: previous shoulder
surgery, a history of prior fractures in the affected
shoulder, radiological signs of glenohumeral
osteoarthritis or nerve injury, rheumatoid arthritis,
frozen shoulder, or if they were unwilling to
participate or unable to understand or sign the
informed consent form. Additionally, patients with
any medical condition that contraindicated any
surgical procedures were also excluded. In this study,
preoperative ASES and VAS scores, tear size, duration
of the tear, age, gender, and angles of abduction,
internal rotation, and external rotation were
recorded.
One-month post-surgery, VAS and ASES scores along
with angles of abduction, internal rotation, and
external rotation were measured and recorded after
6 months again.
Subsequently, each of the VAS and ASES scores, as
well as abduction and internal and external rotation
angles, were analyzed separately for before and after
surgery based on gender, age (under or over 50
years), tear size (less than or greater than 3 cm), and
duration of the tear (less than or greater than 12
months).
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In terms of age, the minimum and maximum ages
were 38 and 70 years, with a mean age of 51.59 £ 7.76
years. The distribution of rotator cuff tear sizes in this
study revealed that 37.83% were classified as
moderate tears, 51.35% as severe tears, and 10.81%
as massive tears, with an average size of 3.38 + 1.65
centimeters. In this study majority of the patients
were women (91.9%), and Over 50% of the tears were
classified as large. Additionally, all Tears in men were
categorized as massive while medium and large tears
were exclusively found in women, with only one Case
of a massive tear occurring in a female patient.
Patient were monitored for 6 months, and their data
were Recorded before surgery and 6 months
postoperatively. Additionally, all cases of massive
rotator cuff tears in men had a duration of more than
12 months. A total of 37 shoulders from 37 patients
underwent surgery, with 20 cases (54/1%) involving
the left shoulder and 17 cases (45.9%) involving the
right shoulder. The shortest duration of rotator cuff
tear was 2 months, while the longest duration was 42
months, with a mean duration of 11/19 months.
Overall, a significant difference was observed when
comparing the mean ASES scores before and after
surgery. When analyzing ASES scores based on
gender, the difference was more pronounced in the
female group (P-Value =0.0001). However, due to the
small number of male participants, further
investigation is needed. The ASES scores before and
after surgery showed no correlation with age, tear
size, or duration of the tear. A comparison of the
mean pain levels before surgery (7.13+2.32) and after
surgery (0.95+0.99) indicated a clear improvement in
pain levels postoperatively(P-Value<0.0001). A
significant difference was observed in the average
pain levels before and after surgery in women
compared to men (P-Value <0.0001). However, pain
levels showed no correlation with age, tear size, or
duration of the tear, and a reduction in pain was
noted across all groups (P-Value<0.0001). The
shoulder  abduction post-surgery  improved
significantly, with a mean of 165.81+ 19/88 degrees
compared to the preoperative mean of 149.59+
31/12(P-Value  =0.0001). Although shoulder
abduction increased in both genders after surgery
and showed significant improvement in female
patients when comparing pre-operative and post-
operative measurements (P-Value =0.0001). An
analysis of shoulder abduction based on age, tear
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Effect of Open Rotator Cuff Repair on Shoulder Pain and Function

ﬁbstract \

Introduction: Rotator cuff problems may account for up to 70% of shoulder pain as well as limitation of motion
and function. Treatment for rotator cuff injuries and tears includes supportive care as the first line and surgical
intervention as the second line. The aim of this study is to evaluate the impact of open rotator cuff repair on pain
intensity and shoulder function in patients who are candidates for surgery.

Materials & Methods: In a cross-sectional study, 37 patients who had undergone open shoulder surgery were
studied with an average follow-up of 11 months (2-42 months). Age, gender, pain levels, tear size, duration of the
tear, range of motion (ROM), and patient function were recorded in a checklist before surgery. Postoperative
ROM and function were also documented. Pain levels were measured using the Visual Analog Scale (VAS), and
function was assessed by the American Shoulder and Elbow Surgeons (ASES) score. The data obtained from the
questionnaires and checklists were analyzed using SPSS v.26 software.

Results & Discussion: The analysis of mean function, pain, abduction, and internal and external rotation of the
shoulder before and after surgery showed improvement in all the cases, the clinical status of the patients
improved (p < 0.05). shoulder function improved but did not reach a score of100, while the patients experienced
a reduction in pain, but did not reach zero. there was an overall increase in range of motion, this increase was
more pronounced in internal rotation and abduction movements.

Conclusion: The results of this study suggests that, if conservative treatment fails and when there is no major
contraindication for surgery, the patients should be offered, open rotator cuff repair in order to enhance quality

of life.

Keywords: Rotator cuff injuries, Range of motion, Shoulder pain, Functional status.
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Shoulder pain is the second most common cause of musculoskeletal pain after
lower back pain. Rotator cuff injuries are the most prevalent cause of shoulder
pain and dysfunction®*- Rotator cuff disease is recognized as one of the most
common causes of chronic shoulder pain in adults. The rotator cuff consists of
four muscles and their associated tendons, which play a crucial role in
stabilizing the shoulder while also providing a broad range of motion. The four
muscles that comprise the rotator cuff are the subscapularis, supraspinatus,
infraspinatus, and teres minor. Additionally, the long head of the biceps tendon
contributes to the function of the rotator cuff by stabilizing the head of the
humerus within the glenoid cavity and preventing superior migration of the
humeral head® The treatment of this condition is becoming increasingly
important due to the aging population and advancements in diagnosis and
treatment. The primary goal of rotator cuff surgery is to improve pain and
shoulder function®*- In 2014, it was estimated that 4.5 million patients in the
United States sought medical attention for rotator cuff-related issues, with
40,000 undergoing surgical procedures*?- Rotator cuff tears primarily affect
middle-aged and older individuals. Observational data indicate a nearly linear
increase in the incidence of rotator cuff tears over time*?'*: The etiology of
rotator cuff tears is multifactorial, involving trauma, degeneration,
impingement of the tendon between the acromion and the greater tuberosity
of the humerus, as well as high mechanical loads**
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the atmospheric ozone layer. During winter days and
at high latitudes, due to the greater zenith angle, the
sun rays pass through an oblique and longer distance
through the ozone layer, significantly decreasing the
amount of UVB reaching the surface. It is estimated
that during winter at latitudes above 37 degrees, the
production of vitamin D3 decreases by about 80-
100%?%>24), Our data shows that above 37 degrees of
latitude, there is a sharp increase in the incidence of
LCPD (Figure 2B).

Besides the solar zenith angle, other factors can
influence the amount of UVB absorbed by the skin,
including skin color, time spent outdoors, use of
sunscreens, and covered clothing. Some other factors
can cause vitamin D deficiency despite sufficient solar
exposure, including obesity (sequestration of vitamin
D in adipose tissue) and malabsorption of dietary
vitamin D (celiac disease or inflammatory bowel
disease). There is also a genetic contribution to
variation in 25(OH)D levels due to polymorphism of
genes involved in vitamin D production, which is as
significant as reduced solar exposure(®?.

Vitamin D deficiency is more prevalent at extreme
latitudes in Europe, the United States, and Canada in
the Northern Hemisphere, as well as in New Zealand
and southern Australia in the Southern Hemisphere.
In these regions, there is insufficient UVB exposure
during cooler months for adequate vitamin D
production. It is estimated that 50% of the population
is vitamin D insufficient (25(0OH)D level < 30 ng/mL [50
nmol/L]) and 10% is vitamin D deficient (25(0OH)D
level < 10 ng/mL [< 50 nmol/L])®.

We found evidence in the literature indicating higher
latitudes have more cases of vitamin D deficiency.
Subsequently, we searched the literature to
determine if any evidence exists to explain a
hypercoagulable state in cases of vitamin D
deficiency.

Several studies confirm the anti-thrombotic and anti-
inflammatory roles of vitamin D. These effects are
mediated by modulating the expression of
thrombogenic and anti-thrombogenic molecules and
the function of endothelial cells and platelets at the
cellular level. Vitamin D directly or indirectly controls
the expression of more than 200 genes responsible
for regulating cellular proliferation, differentiation,
apoptosis, and angiogenesis. Vitamin D deficiency
increases the risk of deep vein thrombosis in stroke
patients!®®. Vitamin D deficiency is a known risk
factor for cardiovascular disease. Vitamin D induces
smooth muscle proliferation, increases vascular
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endothelial growth factor, and decreases peripheral
vascular resistance by inhibiting the renin-
angiotensin-aldosterone system. Vitamin D is a
strong inducer of miR-145, the most abundant miRNA
in vascular smooth muscle cells, and a principal
regulator of their contractile capacity. The
association between vitamin D deficiency and acute
myocardial infarction persists even after adjusting for
major cardiovascular risk factors®®®. The limitations of
our study include chronological discordance between
LCPD incidences and solar irradiance measurements
due to limitations of available data sources. Ideally,
these two observations should be made during the
same period, as both the incidence of LCPD and solar
irradiance  fluctuate over time®@”?®)  Another
limitation is the disparity in available LCPD
incidences. Data from European countries are more
available than from other parts of the world (Table 1).
The observed higher incidence in Northern Europe
may be due to the major genetic susceptibility of the
Caucasian race. Epidemiologic studies to find LCPD
incidence in Caucasian populations in North Africa
and among African immigrants to Northern Europe
can be helpful in investigating the role of racial
susceptibility in LCPD.

Conclusion

In summary, our findings suggest a potential link
between vitamin D deficiency and the increased
incidence of LCPD. The evidence supporting this
includes:

1. Vitamin D  deficiency
hypercoagulable state.

2. Vitamin D deficiency is more prevalent at
higher latitudes due to reduced sun
exposure.

3. There is a higher incidence of LCPD at
higher latitudes.

Based on these observations, we propose the
hypothesis that decreased vitamin D levels during the
antenatal and/or early childhood periods are
correlated with an increased incidence of LCPD. This
hypothesis is scientifically plausible and merits
further investigation through clinical research.
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LCPD, or idiopathic osteonecrosis of the femoral
head, initiates with a vascular insult to the femoral
head®?. The etiology of this disease remains
unresolved. Previous studies have indicated that a
local vascular occlusion at the lateral epiphyseal
arterial supply of the juvenile femoral head is the
initiating event’®. However, vascular occlusion due to
a hypercoagulable state caused by genetic
deficiencies in protein C or S, factor V Leiden
mutation, overactivity of FVIIl, or prothrombin has
not shown consistent relationships'*®. There is a
strong association between social deprivation and
increased incidence of LCPD®>®),

Synovitis of the hip joint and trauma to the hip joint
have been proposed as contributing etiologic
factors”). Genetic susceptibility of Northern
Europeans (Caucasians) has been suggested as a
factor?; however, there is no hereditary pattern of
transmission”). In a robust Danish study using an
identical tweens registry, no co-occurrence was
found in the co-twin of identical twins**). The Age of
disease onset is similar across different geographic
locations and some authors have suggested the
presence of an unknown antenatal triggering
phenomenon®>*®)_ LCPD is associated with low birth
weight, low APGAR scores, breech delivery, being
preterm or post-term™”, low birth height*®), rostral-
sparing dwarfism®®, and congenital anomalies
including Down’s syndrome, inguinal hernia, and
genitourinary malformations*®°, LCPD is associated
with asthma, behavioral disorders'*®, and metabolic
disorders including obesity and hypothyroidism!?°),
Socioeconomic deprivation can be a confounding
factor for several LCPD associations, including
asthma, passive smoking, low birth weight and
height, and abnormal growth” and behavior.
Nutritional deficiency has also been proposed as an
etiologic factor, investigation into the role of
manganese deficiency in the initiation of LCPD have
yielded inconsistent findings*.

Overall, besides a genetic susceptibility, it seems that
the key triggering event is an environmental factor
related to social deprivation during the antenatal or
early childhood period, leading to (or making the
femoral head ready for) a localized vascular occlusion
of lateral femoral epiphyseal arteries”.

Vascular insufficiency of the femoral head results in
osteonecrosis of a variable-sized part of the head,
and the gradual revascularization of this necrosed

3
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part progresses through three main stages:
fragmentation, re-ossification, and remodeling®?.
The prognosis of LCPD depends on the final shape of
the femoral head. A better prognosis is associated
with younger age at disease onset (before six years of
age), volume of necrosis (less than 50%), and shorter
duration of the fragmentation stage™?. During the
fragmentation stage, absorption of the necrosed part
of the head makes the head less rigid and more
vulnerable to deformation by forces of weight-
bearing or surrounding hip muscles??,

In this study, we investigated whether decreased sun
exposure at higher Iatitudes correlates with
increased incidence of LCPD. Our results show a
significant positive correlation between latitude and
incidence of LCPD and a significant negative
correlation between solar irradiance and incidence of
LCPD. Analysis of regression curves indicates that at
low latitudes, the incidence is minimal and steady,
while it increases sharply at about 40 degrees of
latitude (Figure 2B). This latitude corresponds with
solar irradiance of approximately 150 Wh/m? (Figures
2A, 2C). The effect of sun exposure on the body is
mediated through the production of vitamin D?3)
Solar ultraviolet B photons (UVB) are absorbed by 7-
dehydrocholesterol in the skin to produce provitamin
D3, which rapidly converts to vitamin D3. Vitamin D3
is then metabolized in the liver and kidney to produce
1,25-dihydroxyvitamin D3, a biologically active
molecule®. Vitamin D plays a central role in
maintaining normal physiological blood calcium
levels by increasing gut absorption of calcium. In
vitamin D deficiency, calcium is released from bones
to maintain serum calcium levels, diminishing the
structural rigidity of bones. Severe vitamin D
deficiency causes rickets in children and osteoporosis
and osteomalacia in adults. Deficiency of vitamin D3
has also been associated with risks of cancers, type |
diabetes mellitus, cardiovascular diseases, multiple
sclerosis, mental health issues, allergies, and
autoimmune disorders!?-2%),

We could not find any reports of vitamin D level
measurements in the initial phase of LCPD patients.
Therefore, we searched the literature to determine if
there is a relation between decreased sun exposure
at higher latitudes and decreased vitamin D levels in
general population. The degree of solar irradiance
depends on the zenith angle of the sun, which is the
angle between sun rays and the vertical®®. Time of
day, latitude, and season affect the zenith angle of
the sun®®. UVB photons are efficiently absorbed by
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Location Latitude Longitude Incidence Solar irradiance
1 Uppsala 59.9 17.65 8.5 106.4
2 Knowsley 53.45 -2.85 11.7 110.7
3 Liverpooll 53.45 -2.95 15.5 112.0
4 Hong Kong 22.3 114.2 0.2 171.9
5 Vellore 12.95 79.15 0.3 238.5
6 Kurunegala 7.5 80.4 4.4 228.9
7 Faroe Islands 61.9 -6.9 14.3 81.0
8 Malmo 55.65 13.05 14.6 120.1
9 Norway 60.5 8.5 9.2 95.4
10 Zealand 55.45 11.6 7.4 117.0
11 South Jutland 55.65 9.7 19.1 113.0
12 Dumfries and Galloway 55.1 -3.5 15.4 104.5
13 Northern Ireland 54.8 -6.45 11.6 103.5
14 Yorkshire and Humberside 53.6 -0.1 6.1 114.5
15 British Columbia 54.15 -126.55 5.1 123.8
16 Sefton 53.55 -2.95 4.8 112.8
17 Merseyside 534 -3.0 11.3 111.8
18 Trent 53.05 -2.15 7.4 107.6
19 Netherlands 52.15 5.3 8.8 116.8
20 Wessex 51.3 -0.75 5.7 119.5
21 Czech Republic 49.85 15.5 10.2 127.0
22 Massachusetts 42.45 -71.35 5.7 163.2
23 Japan 36.25 138.3 0.9 150.6
24 South Honam 37.6 127.0 3.8 142.9
25 Eastern Cape -32.1 26.5 2.4 217.8
26 Manipal 13.4 74.8 2.9 233.2
27 Liverpool2 53.45 -2.95 9.3 112.0
28 California 36.8 -119.4 2.84 221.6
29 London 51.55 -0.1 4.6 119.8
30 Wales 52.15 -3.75 8.6 104.1
31 Scotland 56.5 -4.2 10.39 91.7

Table 2: Pearson Correlation and p-values between Latitude, Solar irradiance, and LCPD Incidence

parameters
Solar irradiance

LCPD incidence

Latitude

-0.86 (p<0.05)

0.61 (p<0.05)

Solar irradiance

-0.67 (p<0.05)
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Figure 2: Scatterplot Between Pairs of Parameters with p-value < 0.05. The regression lines are drawn
using the "LOWESS method" to show local patterns of regression.
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However, no studies have specifically investigated
the relationship between solar irradiance and the
incidence of LCPD. It is well established that solar
irradiance decreases with increasing latitude'®. In this
study, we aim to explore the evidence related to the
effects of increasing latitude and decreasing solar
irradiance (solar energy) on the body, in search of a
possible explanation for the observed variation in
LCPD incidence at higher latitudes. Our objective is to
propose a plausible hypothesis for further research.

Materials & Methods

We used incidence data from a meta-analysis
published in 20111, This article gathered published
incidences from 27 different studies up to December
2010 and normalized them to represent the
“incidence of LCPD in 100,000 children below the age
of 15 years.” We searched for new inclusion data on
PubMed using the query ‘Perthes’ and ‘incidence,’
filtered by publication date after 2011. We found
three additional articles reporting new geographic
incidences™®?, One article reported incidence per
100,000 of the overall population®®, which was
excluded. The incidence in four new locations was
obtained from the two remaining articles, bringing
the total to 31 locations. The mean incidences were
considered for analysis. The geographic coordinates
of each location were obtained from a geo-
localization website (www.latlong.net). Data on
global solar irradiance were obtained from open data
sources (https://pvais.com/pvmaps?,
https://sorlargis.com), and the amount of solar
irradiance relative to each location was retrieved
(Figure 1).

- 150
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-36.3*
I b o e R
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Data analysis was performed using Pearson
correlation test, p-value, and regression curves. We
used the Math, Scikit-learn, and Seaborn libraries of
Python (www.python.org) to process the data.

We identified 31 regions with known LCPD
incidences. The geographic coordinates of these 31
regions were retrieved (Table 1). We then calculated
Pearson’s correlation coefficients and corresponding
p-values between each pair of parameters (Table 2).
There is a significant positive correlation between
latitude and the incidence of LCPD, and a significant
negative correlation between regional solar
irradiance and the incidence of LCPD.

We used the Seaborn library in Python to draw
scatterplots with regression curves for each pair of
data variables (Figure 2). The regression curves were
drawn using the '"local weighted scatterplot
smoothing" (LOWESS) method to show the local
patterns of regression*V),

Figure 2A shows a sharp decrease in LCPD incidence
with increasing solar irradiance, reaching a plateau at
a solar irradiance of about 150 Wh/m?2. Figure 2B is a
scatterplot of LCPD incidence relative to latitude,
showing a steady LCPD incidence up to about 40
degrees of latitude, followed by a sharp increase
thereafter. Figure 2C illustrates the change in solar
irradiance with increasing latitude; solar irradiance
remains steady up to about 20 degrees of latitude
and then sharply decreases at higher latitudes. The
red lines indicate the latitude (and corresponding
solar irradiance) above which a sharp increase in
LCPD incidence is observed.

latitude

Figure 1: Yearly average global solar irradiance (solar irradiance) on a horizontal surface (wh/m?), period
2005-2020. (from PVGIS.com)
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Investigating the Correlation between Solar Irradiance and Legg-Calvé-Perthes
Disease Incidence

cbstract \

Introduction: Legg-Calvé-Perthes disease (LCPD) is a prevalent pediatric orthopedic disorder characterized by
avascular necrosis of the juvenile femoral head due to disrupted blood flow. Revascularization of the necrosed
fragment can lead to femoral head deformation and reduced hip joint longevity. The incidence of LCPD varies
geographically, with higher prevalence in northern Europe. This study investigates the correlation between solar
irradiance and LCPD incidence.

Materials & Methods: Incidence data for LCPD from 31 regions, reported per 100,000 children under 15 years,
were retrieved from PubMed. Corresponding regional solar irradiance data were obtained from a geo-localization
website and two open data sources. Pearson correlation coefficients were calculated to assess the relationship
between latitude, solar irradiance, and LCPD incidence.

Results & Discussion: A significant negative correlation was found between regional solar irradiance and LCPD
incidence, while a significant positive correlation was observed between latitude and LCPD incidence.
Conclusion: Evidence indicates: 1) a sharp increase in LCPD incidence at higher latitudes, 2) increased prevalence
of vitamin D deficiency at higher latitudes due to reduced sun exposure, and 3) vitamin D deficiency can induce a
hypercoagulable state. We propose the hypothesis that "Decreased vitamin D levels during the antenatal and/or
early childhood periods are correlated with increased incidence of LCPD," warranting further clinical research for
verification.

Keywords: Legg, calve, Perthes disease, Sunlight, Solar energy, Vitamin D, Geographic factor.
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Introduction

Legg-Calvé-Perthes disease (LCPD), first described in 1910, is one of the most
prevalent pediatric orthopedic disorders'™). Despite its frequency, the etiology
of LCPD remains poorly understood. The disease is characterized by
osteonecrosis of the femoral head, typically manifesting between the ages of
four and eight years. LCPD is 3-4 times more common in boys and has a higher
prevalence in northern European countries. Incidence rates vary significantly
across different countries and regions, with estimates ranging from 0.2 to 19.1
per 100,000 children under 15 years of age'®.

The initial event in LCPD is confirmed to be localized vascular occlusion of the
lateral epiphyseal arteries. Between the ages of 4-7 years, the lateral
epiphyseal branch of the medial femoral circumflex artery serves as the
primary blood supply to the femoral head epiphysis®. A study conducted in
Sweden identified several factors associated with an increased incidence of
LCPD in families, including low socioeconomic status, Nordic lineage, and
passive smoking!®). Other studies have also noted an increased incidence of
LCPD with socioeconomic deprivation>®. Geographic variation in the disease
may be attributed to racial differences and genetic susceptibility, as Black
African children are less affected than Caucasians. Genetic susceptibility ,an
unidentified environmental factor, and a hypercoagulable state are the most
likely etiologic explanations!”).
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have shown that IGF-I and VEGF are capable of
enhancing bone regeneration in laboratory
animals™> ) This actually seems to be the process
responsible for the better and boosted bone
regeneration in the LhPRP group in comparison with
control group. Although LhPRP does not contain
BMPs; they are known as proteins with the most
osteoinductive potency resulting in osteoblastic
differentiation from stem cells, also having the ability
for induction of ectopic bone formation*”). It is stated
that administering higher doses of LhPRPhas led to
better results in bone formation of minipigs defective
skulls comparing to lower platelet concentrations*®
19 Although other experimental researches do not
confirm a connection between the platelet
concentration and bone healing enhancement(1% 29,

Since omentum benefits from a proper
vascularization, it contains significant amounts of
nutrients, oxygen, and angiogenic and growth
factors, and being grafted can provide an appropriate
condition for bone formation??. Augmentation of
oxygen concentrations depends on an adequate
vascular flow which can lead to induction of the

osteoprogenitor cells production from the
perivascular mesenchymal cells??. Whilst the
angiogenesis is happening, VEGF causes the

increased capillary permeability®®, it also provides
high levels of oxygen concentration, both of which
being the possible effective factors of enhanced
osteogenesis in defective bones?Y. The process
mentioned above which induces bony tissues was
observed more advancely in the omental group
compared with control group, which is probably
related to fewer amount of blood vessels in the
control group’s defective area compared with the
other group. Also in the process of tissue
regeneration, sufficient amount of available oxygen
in the tissue is crucial since it improves phagocytosis
and could prevent infection®. This criterion is also
considered indicative of omentum exploitation as
autogenous grafts. Accordingly, omentum releases
angiogenic and growth factors which further activate
macrophages, and this process eventually leads to
new capillaries sprouting and invading the fibrous
tissue®.Karim et al. have also shown enhanced
healing in the omental-coral groups at radiological
and histopathological evaluation at 60" post-
operative day®.

Bigham et al. have proven that omental-culture
medium and omental-ASCs groups have better
osteogenic potential in healing of the radial bone
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defect?®. In the present study, concurrent use of
omentum with LhPRP promoted better bone
regeneration than that of the control group.

The radiological, and histopathological findings of the
present study have shown that the reparation of the
defect in the control group was not as efficient and
the defective gap was mostly occupied with fibrous
tissues and rarely with cartilage instead of osseous
tissue. Barnes et al. demonstrated that the
mesenchymal derived chondrocytes proliferate and
develop into cartilaginous matrix. Separate
cartilaginous cores grow and merge to produce a
central fibrocartilaginous plug between the fractured
fragments that splints the fracturel?”),

Unlike LhPRP derived from human blood, Preparation
of lyophilized PRP (LPRP) from the animal blood is not
a standardized procedure hence, it was impossible to
provide LPRP derived from rabbit blood from the
relevant centers. Preparing the rabbit LPRP from the
same animals needed a great volume of blood to be
obtained from each rabbit and the Ethics Committee
laws did not allow such a procedure and also believed
this might affect their regenerative capacity. There is
still a lot to be defined about LhPRP; the critical
efficent amounts of platelets in LPRP for different
animal species, levels of growth factors in different
animal species and similarities or differences in their
mechanisms of action. Until then, the animal LPRP
preparations and studies must continue carefully®®.
The production of reactive antibodies against LhPRP
must be considered, since this process might also
affect the results, however, in the present study, no
histological evidences of acute or chronic
inflammatory response to LhPRP xenograft was
observed, although it may have been present earlier.
One of the main motivations of this study was that
LhPRP contents capacity to enhance healing have
been proved in earlier studies, however, the rabbit’s
LPRP contents have still been unknown for science
society.

Conclusion

Regarding the results, it seems that LhPRP powder
alone and with the usage of autogenic omentum
provides increased bone regenerative properties in
experimental bone defects in animal model after 56
days only in radiological and histopathological
evaluations.
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Figure 5: A: Fibrous plaque occluding the bone. B:
Fibrous plaque surrounded with trabecular bone.
10X (H&E).

Figure 7: A: Trabecular bone presence and bone
marrow formation. B: Hypertrophic cartilage and
presence of chondrocytes. 10X (H&E).

The main motivation of the current study was to add
more clarity regarding the usage and effectiveness of
LhPRP, also providing additional insight into the
properties of LhPRP, omentum and their combination
on bone regeneration.

As it has been indicated before, this kind of defect in
rabbits does not necessarily need any internal or
external fixation method to achieve healing, hence it
has been reported suitable for bone reconstructive
surgeries®. In order not to allow spontaneous rapid
healing, the gap created in the mid radii was as wide
as 10 millimeters®),

According to the currently controversial data about
the efficacy of LhPRP, its osteogenic properties are
yet to be the subject of further researches. As the
results of the current research indicate, it could be
implicated that LhPRP exploitation might effectively
enhance bone regeneration properties®”. However,
utilizing LhPRP along with autograft, allograft or
mineral bone substitute material did not show any
increase in bone regeneration process® °. Another
study showed that LhPRP lead to inferior bone
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Figure 6: A: The defect area is delineated. B: Defect
healing with trabecular bone. 10X (H&E).

Figure 8: A: Bone marrow is remodeling. B:
Hypertrophic cartilage; presence of bone and
cartilage. 10X (H&E).

formation in rabbit skull defect, whether used alone
or along with autogenous bone?,

Based on the results of the current research, LhPRP is
a significant stimulant for bone regeneration in
defective areas. On the 2" post-operative week
radiological evidences indicate that in the LhPRP
group, the defective area is in remodeling phase and
the healing of the bone has been faster in comparison
with control group. In addition, 8 weeks in the control
group, the healing stage is insufficient;
histopathologic data analysis also confirms this
phenomena. The analysis has shown that osteogenic
process in the LhPRP group at 56 post-operative day
was more advanced compared with the control
group.

Different types of growth factors such as isomers of
PDGF, TGF-X 1, TGF-X 2, IGF-l, IGF-Il and VEGF
presence in LhPRP that could lead to enhance of bone
regeneration.  Also PDGF has  mitogenic
characteristics for osteoblasts** and is also stimulant
of the mesenchymal progenitor cells migrationt*?.
Callus formation properties ofPDGF in bone
defectshas been approved previously in animal
models™®. TGF-X also has osteogenesis properties
with inhibition of bone resorption**). Further reports
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Figure 1: A: Radiograph of the control group, 2nd Figure 2: A: Radiograph of the omentum group, 2nd
postoperative week. B: Radiograph of the control  postoperative week. B: Radiograph of the omentum
group, 4th postoperative week. C: Radiograph of  group, 4th postoperative week. C: Radiograph of the
the control group, 6th postoperative week. D: omentum group, 6th postoperative week. D:
Radiograph of the control group, 8th Radiograph of the omentum group, 8th

postoperative week. postoperative week.

Figure 3: A: Radiograph of the LhPRP group, 2nd Figure 4: A: Radiograph of the LhPRP-Omentum
postoperative week. B: Radiograph of the LhPRP group, 2nd postoperative week. B: Radiograph of
group, 4th postoperative week. C: Radiograph of the LhPRP-Omentum group, 4th postoperative
the LhPRP group, 6th postoperative week. D: week. C: Radiograph of the LhLPRP-Omentum group,
Radiograph of the LhPRP group, 8th postoperative 6th postoperative week. D: Radiograph of the
week. LhPRP-Omentum group, 8th postoperative week.
Table 3: Histopathologic evaluation of bone defect healing.
Control Omentum LhPRP LhPRP-Omentum pe
Histopathologic Evaluation 3(3-6)° 7(7-7) 6(5-7) 7(6-7) 0.02

a Kruskal-Wallis test was done. P values less than 0.05 were considered significant.
b Significant statistical differences between control group with omentum group (p = 0.02), with LhPRP group (p = 0.05) and also with
LhPRP-Omentum group (p = 0.02) were found; healing was shown to be drastically slower in control group.
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(p<0.02), with LhPRP group showing better results
(Table 2, Figure 1-4).
During the study all of animals were alive without any Histopathological findings
suffering or complication. Histopathologically, there was not any signs of

inflammation or infection after 56 days. Regarding
bone formation, union and remodeling, there was a
significant statistical difference between control
group with omentum group (p = 0.02), with LhPRP
group (p =0.05) and also with LhPRP-Omentum group
(p =0.02); healing was shown to be drastically slower
in control group in comparison to the other three
groups (Table 3, Figure 5-8).

Table 1: Lane & Sandhu scoring system

Radiographic findings

There was a significant difference in bone formation,
union and remodeling criteria of the bones between
control and LhPRP group (p<0.05) on 6" week and on
8™ week (p<0.02) that LhPRP group was superior to
control group. On 8™ week, there was a significant
difference between omentum and LhPRP groups

Grade Bone Formation
0 No bone formation
1 Bone formation filling 25% of the gap
2 Bone formation filling 50% of the gap
3 Bone formation filling 75% of the gap
4 Bone formation filling 100% of the gap
Grade Bone Union (proximal and distal union separately)
0 No union
1 Possible union
2 Complete union
Grade Remodeling
0 No remodeling observed
1 Remodeling of the medullary canal
2 Complete remodeling of cortex
Grade Total points possible per category
4 Bone formation
2 Proximal union
2 Distal union
2 Remodeling
10 Maximum Score

Table 2: Radiological findings for bone defect healing (scores summation) at different postoperative

intervals.
Postoperative weeks | Med (min-max) p?
Control Autogenous Omentum LhPRP LhPRP-Omentum
2nd 3(3-6) 3(2-8) 4(1-4) 3(1-5) 0.2
4th 3(3-9) 4(4-9) 6(6-9) 5(5-9) 0.8
6t 3(3-9)° 6(6-10) 9(8-10) 6(6-9) 0.2
gth 4(4-10)° 7(7-10)¢ 10(10-10) 10(8-10) 0.05

a Kruskal-Wallis test was performed. P values less than 0.05 were considered significant. Mann-Whithney U test was subsequently
performed.

b Statistically significant difference observed between control and LhPRP groups (p<0.05) in 6t week. LhPRP group showing better
results.

¢ Statistically significant difference observed between control and LhPRP groups (p<0.02) in 8t week.
d Statistically significant difference observed between omentum and LhPRP groups (p<0.02) in 8t week.
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Materials & Method

Animals

In this study, twenty white New Zealand adult male
rabbits, weighing 2.00 + 0.50 kg, were kept in
separate cages, fed a standard diet and allowed to
move freely during the study.The animals were
divided into 4 groups (n=5) randomly: control group,
omentum group, LhPRP (Human platelet was
prepared from the Blood Transfusion Organization)
group and omentum-LhPRP group. All the animals
underwent subcutaneous injection of anthelmintic
drugs and were fed normal diet and hospitalized from
15 days before surgery and let to move freely. The
ethics committee of the university approved the
study according to animal rights protocols during the
study.

Preparation of lyophilized platelet

Human PRP was prepared and supplied by the
Shahrekord Blood Bank Center. About 500 ml blood
from a healthy donor was collected in 70 ml of
anticoagulants (citrate—phosphate—dextrose [CPD])
and cooled to about 22°C. Within 24 h of extraction,
the blood was separated through centrifugation into
erythrocytes, buffy coat (leukocytes and
thrombocytes) and plasma. From the buffy coat the
leukocytes were removed through filtration, and the
isolated fraction of platelets was human PRP. To
obtain information on the increase in platelet
concentration and the final concentration of platelets
in the PRP of the blood, both whole blood and
prepared PRP were subjected to platelet counts.
Platelet counts were performed using a hematology
analyzer (Advia 120, Bayer B.V., Mijdrecht,
Netherlands). Number of platelets in the whole blood
and PRP was 239 x 10° /I and 2,422 x 10° /I
respectively. The fresh bag of platelets was
transferred to the laboratory and lyophilized at a
temperature of 22°C according to previous study®.
Finally, the lyophilized platelet was storage frozen
until surgery.

Surgical Procedure

Right forelimbs of the animals were shaved and
surgically prepared. All animals were anesthetized by
injection of Ketamine (30mg/kg) and Acepromazine
(0/2 mg/kg) and maintained with Isoflurane with
anesthesia machine.

From a craniomedial approach, bone defects were
created in critical size (10 mm) in the radial bone
diaphysis of all rabbits and then filled with a piece of
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autogenous omentum harvested from abdomen
(treatment group), LhPRP (0.5 ml of prepared
lyophilized PRP was used in defected area in
treatment group), concurrent use of LhPRP (0.5 ml)
and autogenous omentum (treatment group) or the
defect left empty as control group. Surgical site was
closed with 2-0 absorbable suture material
(polyglactin 910) in 2 layers. To harvest autogenous
omentum, a ventral midline approach was used,
omentum was harvested aseptically and linea alba
closed routinely. The animals were hospitalized
without any external fixation. Antibiotic therapy was
done with Penicillin (40000 1U/kg IM) and
Streptomycin (12mg/kg IM) post-operatively for 2
days. The animals were monitored daily to obtain
information about weight bearing properties and
wound condition.

Radiographic Evaluation

Lateral radiographs (45kv/ 20mAs) were taken
postoperatively at the 2", 4™, 6™ and 8" weeks and
bone formation, union and remodeling of the defect
were evaluated by modified Sandhu & Lane scoring
system (Table 1)1,

Radiological criteria such as bone formation, proximal
union, distal union and remodeling summation were
calculated and compared between groups blindly by
two radiologists in mentioned intervals.

Histopathologic Evaluation

All animals sedated with using intramuscular
injection ofXylazine (5 mg/kg) and ketamine
hydrochloride (40 mg/kg) and then were

euthanatized using Mg Sulfate solution injected
directly into the heart on 56™ postoperative day®. All
operated bones were removed, prepared and stained
with hematoxylin and eosin, blindly scored by
pathologist using Emery’s scoring system includes:
gap remained vacant (score = 0), gap occupied with
only connective tissue (score = 1), gap filled with
more fibrous tissue rather than cartilage (score = 2),
more cartilage than fibrous tissue (score = 3), only
cartilage (score = 4), more cartilage than bone (score
= 5), more bone than cartilage (score = 6), and filled
with bone only (score = 7).

Statistical Analyses

First of all, data were compared by Kruskal-Wallis,
non-parametric ANOVA. When p-values were less
than 0.05, the pair wise group comparisons were
performed by Mann-Whiney U test (SPSS version 26
for windows, SPSS Inc, Chicago, USA).
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Effects of Concurrent Usage of Human Lyophilized Platelets and Autograft Omentum

on Bone Healing in Rabbit Model

(Abstract

\_

Accepted: 41 days before printing

Introduction: This study was performed to evaluate the effect of lyophilized human platelet rich plasma powder
(LhPRP) and omentum autograft on the bone healing properties in animal model which can further be utilized for
different orthopedic or maxillofacial reconstructive surgeries.

Materials & Methods: Bone defects of 10 mm diameter were created in diaphysis of radius of 20 rabbits and then
either left undisturbed (control group) or filled with one of the following materials: a piece of autogenous
omentum, LhPRP, or concurrent use of LhPRP and omentum. Bone formation, union and remodeling, were
evaluated at the 2nd, 4th, 6th and 8th weeks postoperatively by radiography, using bone healing criteria. On 56th
postoperative day, the operated limbs were removed and further histopathological evaluations were carried out.
Results & Discussion: The results showed that LhPRP with or without omentum in bone regeneration in 10mm
defects was significantly superior to control group (p<0.05).

Conclusion: LhPRP powder, alone or combined with autogenic omentum, provides increased bone regenerative
properties in experimental bone defects in animal model after 56 days.

Keywords: Omentum, Lyophilization, Platelets, Bone regeneration, Rabbits.
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Introduction

Research for substitutions for autogenous bone grafts while enhancing bone
healing properties continues. Bone grafts are vastly used in the treatment of
nonunion. The ability of these grafts as scaffolds provides enough
biomechanical strength for tolerating compressive forces applied to the bones
during gait. Bone grafts have a noticeable effect on promoting osteogenesis,
which eventually leads to enhancing bone formation!. Limitation of
availability of graft amount and the donor-site affection in autografts and
allografts disease transmission are the most common disadvantages of using
of these grafts. In general, there are two groups of bone grafts: The biological-
based material, like hydroxyapatite;or the synthetic based material like
calcium carbonate- both with their own advantages and disadvantages. The
methods of biological substance usage, cell therapies and mechanical
induction that contain osteogenic promoters are still novel and expensive;
except for one product PRP (platelet- rich plasma)™: LhPRP is safe and also
easily produced® 3. Formerly, LhPRP has been used for orthopedic bone
healing purposes and also in maxillofacial surgeries; however, there have been
contradictory outcomes on the benefits of this material, since both good and
poor results have been reported® #. Variable factors can influence clinical
studies data: defect size, defect site and patient related factors, whilst the
experimental studies that have been done in this field did not clarify if the
LhPRP used had comparable concentrations. Hence, it is necessary to study and
characterize the true effectiveness of LhPRP in treating nonunions or delayed

unions which could lead to justifying its usage in clinical practice
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acid was more effective than the topical form. The
combined form was also the most effective method
in reducing surgery-related blood loss in TKA®®),

In a prospective randomized controlled trial by ZeYu
Huang and colleagues, aimed at determining the
effectiveness and safety of combined intravenous
and topical tranexamic acid in comparison with
intravenous tranexamic acid alone for unilateral total
knee arthroplasty (TKA), patients were divided into
two groups. The first group received 3 grams of
intravenous tranexamic acid, while the second group
received 1.5 grams of topical tranexamic acid along
with 1.5 grams of intravenous tranexamic acid. The
results showed that, compared to 3 grams of
intravenous tranexamic acid, adding 1.5 grams of
topical tranexamic acid to 1.5 grams of intravenous
tranexamic acid in unilateral knee arthroplasty could
provide similar effectiveness in reducing the need for
blood transfusions and overall blood loss, without
compromising safety. The most important point is
that by adding topical tranexamic acid, patients
experienced less hemoglobin (Hb) drop, lower
drainage volume, less knee pain postoperatively,
reduced knee swelling, shorter hospital stays, and
greater short-term satisfaction. The present study did
not investigate the effects of different doses of
tranexamic acid, nor did it examine the combined use
of intravenous and topical tranexamic acid®®.

This study demonstrates that intravenous tranexamic
acid is more effective than the topical form, but the
combined method is the most effective approach for
reducing bleeding associated with knee arthroplasty.
Apart from comparing the effects of different
tranexamic acid combinations on bleeding related to
knee arthroplasty surgery, identifying factors that
affect their outcomes is also very important, as the
effects of a single drug can vary among different
patients. This is crucial for personalizing treatment
for each patient. In this study, postoperative bleeding
was statistically significantly associated with the
drainage blood loss, and changes in hemoglobin, but
no significant statistical relationship was found with
variables such as age, body mass index, knee
circumference before and after surgery, the need for
whole blood transfusion, and the number of hospital
days. In this study, no thromboembolic complications
or deep vein thrombosis (DVT) and infection were
observed in any of the groups. Further studies are
recommended to explore such factors in future
research and allow for comparison of results. Given
that this issue has not been explored in previous
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studies, more research is suggested. The differences
between the various methods of tranexamic acid use
in these studies are also replicable, and the results
can be generalized.

However, this study had limitations, including the
lack of investigation into the effects of oral
administration, the lack of examination of different
tranexamic acid doses, and the absence of a control
group. Additionally, the lack of long-term follow-up of
patients was another limitation. Therefore, it is
recommended that future studies address these
issues to provide a more accurate comparison of
different tranexamic acid methods and their long-
term effects. Moreover, investigating the factors
affecting treatment efficacy and the possibility of
personalizing treatment for different patients is
crucial and could improve clinical outcomes in knee
arthroplasty surgeries.

Conclusion

This experimental study demonstrated that the
combined use of tranexamic acid significantly
reduces blood loss following total knee arthroplasty.
The group that used both intravenous and topical
methods (combined) showed the best results in
reducing bleeding compared to the groups using

intravenous or topical treatment alone. The
combined group also had better outcomes in terms
of reducing swelling and knee circumference,
hemoglobin drop, and drainage blood loss after
surgery.

Furthermore, the results showed that postoperative
blood loss was more closely associated with the
drainage blood loss and hemoglobin drop. However,
no significant correlation was found with variables
such as age, BMI, underlying diseases, knee
circumference, the need for blood transfusion, and
the number of hospital days. These findings highlight
the superior effect of the combined method of
tranexamic acid in comparison with other methods
for reducing postoperative bleeding.
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Table 2: Comparison of clinical and laboratory findings of patients.

. Topical Group Intravenous Group Combined Group P
V le(N=1
ariable (N =135) (n = 45) (n = 45) (n = 45) Value
Hemoglobin change before and 27409 25409 15405 *<0.05
after surgery (g/dL)
Drainage blood loss (mL) 740.2 £ 141.5 665.6 + 136.3 524.0 £ 150.5 *<0.05
Need for blood t(r;n;sfusmn, number 1(2%) 1(2%) 0 0.601
0
Knee circumference difference 1.3+0.09 1.2£0.1 1.3+0.08 0.632
(pre/post-op) (cm)
Length of hospital stay (days) 4.0+0.9 4.4+0.9 45+1.3 0.175
In the comparison among the three groups, the combined TXA group demonstrated superior outcomes in terms of
reduced blood loss. An asterisk (*) indicates statistically significant differences.

Overall, the combined TXA group consistently
demonstrated the lowest blood loss and hemoglobin
reduction. No cases of deep vein thrombosis (DVT)
and infection were observed during the study period
or at the 6-month follow-up in any of the groups.

This study demonstrated that the simultaneous use
of intravenous and topical tranexamic acid has a
greater effect on reducing intraoperative and
postoperative bleeding during total knee arthroplasty
(TKA) compared to the separate use of each type
(intravenous tranexamic acid and topical tranexamic
acid). The combined method led to a significant
reduction in bleeding and smaller changes in
hemoglobin levels, without increasing the risk of
thrombotic complications. These results clearly show
the superiority of the combined method and
emphasize the importance of using tranexamic acid
in controlling bleeding during orthopedic surgeries.
The use of tranexamic acid has been widely
considered in various surgeries, particularly in single-
joint knee arthroplasty (TKA), to reduce bleeding
during and after surgery. In this study, the combined
group, which received both intravenous and topical
tranexamic acid, showed the best results in reducing
bleeding and other surgical outcomes compared to
the groups that received only one form of the drug.
These findings are consistent with the results of
similar studies, which have also demonstrated that
combining these two methods can have more
positive effects compared to using either method
separately.

In the study by Jixiang Tan and colleagues, a meta-
analysis of 19 studies, similar results were presented.
The current study compares three different methods
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of tranexamic acid administration (intravenous,
topical, and combined), showing that using the
combination of both methods can lead to better
results in reducing bleeding during TKA surgery
compared to either method alone. On the other
hand, the study by Jixiang Tan and colleagues focuses
on the use and effect of intravenous tranexamic acid.
Regarding sample size, the meta-analysis article
includes 19 studies with a total of 1,114 patients,
which increases the credibility and power of the data
analysis*®,

Despite the alignment of most studies in this field,
some previous studies have yielded different results.
In the retrospective study by Guorui Cao, which
investigated patients undergoing bilateral knee
replacement surgery, the overall blood loss and
hemoglobin drop were higher in the control group
compared to the intravenous treatment group, but
this difference was not statistically significant. The
study concluded that confirming these results
requires further research and the conduction of
prospective studies, especially since the study was
retrospective and focused on bilateral joint
replacement surgeries'*”). In a systematic review and
meta-analysis of randomized controlled trials (RCTs)
conducted by Yu Fu and colleagues, the effectiveness
and safety of topical tranexamic acid versus
intravenous tranexamic acid were assessed. This
study found no significant difference between the
need for injection, blood loss, drainage blood loss,
hemoglobin levels 24 hours post-operation, infection
incidence, and deep vein thrombosis (DVT) between
topical and intravenous tranexamic  acid
administration. The results of this study do not align
with the present study, where bleeding levels in the
topical, intravenous, and combined tranexamic acid
groups were significant, and intravenous tranexamic
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stored securely by the physician and principal
investigator, and no patient names were mentioned
in the study. The study received ethical approval from
the Ethics Committee of Ardabil University of Medical
Sciences under code IR.ARUMS.REC.1399.597.

In this experimental study, 135 patients who
underwent total knee arthroplasty (TKA) were
evaluated. The patients were divided into three
groups: 45 patients in the intravenous tranexamic
acid group, 45 in the topical tranexamic acid group,
and 45 in the combined tranexamic acid group. The
baseline characteristics of the patients—including
age, sex, and body mass index (BMIl)—were
comparable across the three groups (Table 1). Of the
total participants, 63 (46.7%) were female and 72
(53.3%) were male. The mean age of the patients was
64.3 + 5.9 years, and the mean BMI was 29.0 £ 2.4
kg/m2. No statistically significant differences were
observed between the groups in terms of
demographic variables (p > 0.05).

A total of 31 patients (23%) had underlying medical
conditions, the most common of which were diabetes
(7.4%), hypertension (7.3%), renal disease (7.3%),
thyroid disorders (3%), cardiovascular disease (3%),
pulmonary disease (1.5%), and rheumatologic
disorders (0.7%). The distribution of comorbidities
was similar among the three groups, and no
statistically significant differences were observed

Comparison of the Effects of Intravenous and ...

between them (p > 0.05). The mean blood loss in the
combined TXA group was 524 + 150.5 mL, compared
t0 665.6 £ 136.3 mLin the intravenous TXA group and
740.2 + 141.5 mL in the topical TXA group, which was
statistically significant (p < 0.05). Postoperative blood
loss was significantly lower in the combined TXA
group compared to the intravenous and topical TXA
groups. Table 2 presents the clinical and laboratory
findings of the patients in the three groups.

Pre- and postoperative clinical and laboratory
parameters, including hemoglobin level, knee
circumference, drainage blood loss, need for blood
transfusion, and length of hospital stay, were
evaluated across the three groups. The difference in
hemoglobin levels before and after surgery showed a
statistically significant difference among the groups
(p < 0.05). However, knee circumference and
postoperative edema in the combined TXA group did
not differ significantly compared to the intravenous
and topical TXA groups (p > 0.05).

Analysis of gender distribution, body mass index, and
comorbidities revealed no statistically significant
differences among the three groups (p > 0.05).
Postoperative blood loss was not significantly
associated with gender, BMI, or presence of
comorbid conditions in any group (p > 0.05). Pearson
correlation analysis showed that postoperative blood
loss was significantly correlated with the amount of
drainage blood loss, and changes in hemoglobin
levels before and after surgery across all groups (p <
0.05).

Table 1: Demographic Characteristics of Patients. There was no significant difference among the groups

regarding demographic variables.

Variable Topical Group Intravenous Group Combined Group P value
(n=135) (n =45) (n =45) (n=45)
Age
Mean 64.0 64.0 64.7 0.817
Standard Deviation 6.5 5.6 5.7
Body Mass Index (BMI)
Mean 29.1 28.9 29.0 0.955
Standard Deviation 2.5 2.6 2.3
Gender 0.915
Male — Frequency 25 24 23
Male — Percentage 55.6% 53.3% 51.1%
Female — Frequency 20 21 22
Female — Percentage 44.4% 46.7% 48.9%
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Reported intravenous TXA doses range from 10 to 20
mg/kg®. Theoretically, intravenous TXA may increase
the risk of thrombotic events. It is contraindicated in
patients with a history of allergy to the drug, arterial
or venous thrombosis, an inherent risk of thrombosis
or thromboembolism, acute renal failure,
subarachnoid hemorrhage, or a history of seizures?),
Topical tranexamic acid is administered as a diluted
solution directly into the surgical site to act on the
tissues and bleeding areas. Tranexamic acid, at a dose
of 2-3 grams diluted in 100 ml of normal saline, is
injected into the joint 5-10 minutes before opening
the tourniquet at the end of surgery. This is done
after suturing the fascia and subcutaneous tissue. ©.
Although intravenous tranexamic acid theoretically
increases the risk of thrombosis, several studies have
demonstrated that topical tranexamic acid is equally
effective in reducing blood loss, with no significant
difference in thrombotic events*13),

The need for blood transfusion in total knee
arthroplasty (TKA) has been reported to decrease by
up to 81% with intravenous TXA, 66% with topical
TXA, and 61% with oral TXA!¥. The administration of
tranexamic acid in gynecologic, orthopedic, urologic,
and cardiac surgeries can reduce the need for blood
transfusion by up to 35%!°.

The present study aims to compare postoperative
blood loss following total knee arthroplasty among
three methods of tranexamic acid administration:
intravenous, topical, and a combination of both.

Materials & Method

This study was conducted as a randomized, double-
blind clinical trial (RCT) on patients undergoing total
knee arthroplasty (TKA) at Fatemi and Qaem Hospital
in Ardabil from February 2021 to June 2021. Simple
random sampling was employed to allocate
participants into groups for comparison. The sample
size was calculated using Cochran’s formula, with a
significance level of a = 0.05 and statistical power of
0.8, resulting in 135 participants. The patients were
randomly divided into three groups: 45 patients
received intravenous tranexamic acid, 45 received
topical tranexamic acid, and 45 received a
combination of both.

In the topical group, 2-3 grams of tranexamic acid
diluted in 100 mL of normal saline was injected intra-
articularly 5-10 minutes before deflating the
tourniquet, after suturing the fascia and
subcutaneous layers. In the intravenous group, 1
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gram of tranexamic acid was administered before
tourniquet inflation and another 1-2 gram during the
operation via intravenous injection. In the
combination group, 1 gram of intravenous
tranexamic acid was given before tourniquet inflation
and 1-2 gram of topical tranexamic acid was
administered as in the topical group protocol.

All surgeries were performed by a single orthopedic
surgeon using the medial parapatellar approach on
one knee with a tourniquet pressure of 300-350
mmHg. The tranexamic acid administration method
was strictly adhered to for each group. A surgical
drain was inserted for all patients, which was
clamped for 3 hours postoperatively and then
released in the ward. Patients were discharged once
they could independently ambulate using a walker.
After discharge, all patients received 40 mg of
subcutaneous enoxaparin every 24 hours for 20-25
days. Fluid resuscitation was performed for all
patients. Hemoglobin levels were assessed the day
after surgery, and postoperative blood loss was
measured based on drain output 24-36 hours after
surgery.

Data on surgical outcomes—including postoperative
blood loss from the drain, joint motion limitations
(flexion and extension range of the knee), and
postoperative knee swelling (based on pre- and post-
operative knee circumference)—were collected from
patient records and clinical examinations.

Blood transfusion was administered to patients with
hemoglobin levels below 8 g/dL, or below 10 g/dL in
patients showing significant symptoms of anemia
despite adequate volume replacement. Doppler
ultrasound was routinely used at discharge and
during six-month follow-ups or whenever deep vein
thrombosis (DVT) was suspected.

Demographic data, including age, sex, comorbidities,
and body mass index (BMI), were also collected.
Continuous data were presented as mean # standard
deviation and analyzed using one-way analysis of
variance (ANOVA) followed by post hoc comparisons.
Categorical data were expressed as frequencies and
percentages, and comparisons were made using the
Chi-square test. A p-value of <0.05 was considered
statistically significant. All analyses were performed
using SPSS version 20.0.

All patients provided written informed consent to
participate in the study. Their data were kept
confidential and accessible only to the research team.
Patients could withdraw from the study at any stage
without any restrictions. All personal information was
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Comparison of the Effects of Intravenous and Topical Tranexamic Acid with the
Combined Method in Reducing Blood Loss Following Total Knee Arthroplasty

ﬁbstract \

Introduction: Postoperative bleeding is a major concern in total knee arthroplasty (TKA), often leading to
complications such as anemia and increased demand for blood transfusion. Tranexamic acid (TXA), an
antifibrinolytic agent, is used intravenously and topically to reduce surgical blood loss. This study aimed to
compare the efficacy of three administration methods of TXA (intravenous, topical, and combined) in reducing
bleeding among Iranian patients.

Materials & Methods: This double-blind randomized clinical trial (RCT) was conducted on 135 patients undergoing
TKA, between February 2021 and June 2021. Patients were randomly assigned to three groups of 45 each:
intravenous, topical, and combined. Demographic data, postoperative drainage volume, hemoglobin changes, and
other clinical variables were analyzed using SPSS software.

Results & Discussion: The combined TXA group showed a statistically significant reduction in intraoperative
bleeding (524.0 £ 150.5 mL) compared to the intravenous (665.6 + 136.3 mL) and topical (740.2 £ 141.5 mL) groups
(p<0.05). This group also experienced a smaller postoperative drop in hemoglobin. No significant differences were
observed among the groups in terms of edema or knee circumference (p>0.05).

Conclusion: The combined administration of intravenous and topical TXA was more effective in reducing
postoperative drainage volume and hemoglobin drop, compared to either method alone. These findings support
the superiority of the combined approach and highlight the importance of TXA use in managing bleeding in
orthopedic surgeries.

Keywords: Postoperative hemorrhage, Total knee replacement, Tranexamic acid.
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heart failure, and delayed rehabilitation® *. Various strategies are employed
to control bleeding, such as the use of antifibrinolytics, desmopressin,
preoperative anemia management, discontinuation of anticoagulant
medications, deliberate hypotension, and tourniquet application during TKA to
reduce blood loss®7.

Tranexamic acid (TXA) is one of the most widely known antifibrinolytic agents
used to reduce bleeding. It is a lysine analog that binds to plasmin and inhibits
its activity, thereby preventing the fibrinolysis process. TXA has been shown to
significantly reduce overall blood loss during primary total knee arthroplasty
procedures®. Tranexamic acid can be administered intravenously or topically.
Intravenous administration of TXA varies significantly in timing (preoperative,
intraoperative, postoperative, or in combination) and in dosage. There is no
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C: Functional achievement

The quality of life-years obtained were 9.31 for
simultaneous bilateral and 9.29 for staged TKA® .The
rate of joint stiffness and need for manipulation
under anesthesia has been reported to be less for
simultaneous bilateral TKA compared with staged
TKA . Simultaneous bilateral total knee arthroplasty is
associated with shorter length of stay but increased
mortality compared with staged bilateral total knee
arthroplasty according to a systematic review and
meta-analysis®1217),

The theoretical merits of doing bilateral simultaneous
TKA under a single anesthetic time are cited as
shorter hospital stay, faster rehabilitation, and
shorter period away from work. A non-operated
painful arthritic knee on one side may be a factor for
poor rehabilitation and resultant stiffness of the
contralateral knee which has recently received
arthroplasty -according to Mehan et al.’® It has been
suggested by Wang et.al. that the more severely
involved knee usually receives TKA first and would be
faced with more stiffness incidence, requiring
manipulation under anesthesia, which would be a
selection bias, and does not support the issue of
simultaneous bilateral surgery®*). Comparable
results in simultaneous and staged TKA have been
reported when functional scorings of WOMAC,
Oxford, Knee Society scores, and 10-year survival
analysis criteria have been used. Based on a recent
“World Expert Meeting” the bilateral TKA under
single anesthesia is not recommended for older age
candidates, severely obese, and when major medical
comorbidities, like chronic renal, cardiac and
pulmonary exist and are not well controlled*®1®),

D: When does the second knee need
replacement?

The issue that has not been well documented or
analyzed in literature is how long after the first TKA,
one would require the contralateral side to be
replaced. There are infrequent occasions of
significant improvement of function and pain
symptoms on the contralateral, less arthritic knee
after the first TKA that the patient does not want or
need to undergo the second knee replacement.

In summary

Simultaneous Bilateral TKA is probably cheaper for
the patient and insurance companies; can, however,
be associated with more complications and possibly
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mortality ,especially in older patients with
compromised  cardiopulmonary  status. The
functional improvement and gains of simultaneous
versus staged (done within one year after the first)
TKA are comparable. Decision on choosing one versus
another should be individualized. The surgeon needs
to consider, not only his/her own time and
endurance, but also the availability of the needed
systems in the facility he/she will be doing the
simultaneous surgery. And only then, may offer
simultaneous bilateral TKA to a relatively healthier
candidate who has enough clinical and radiographic
disability ,that would most likely bring him to surgery
for opposite knee within one year from the first TKA .
Bilateral simultaneous TKA is not recommended for
patients with significant cardiopulmonary and renal
insufficiencies.
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There has been significant on-going debate on doing
bilateral TKA either under a single anesthesia or
staging the surgery (replacement on the contralateral
knee within maximum of one year following the first
knee) W, There are proponents of both techniques.
{The term staggered TKA refers to replacement on
the same period of hospitalization, but not on a single
anesthesia® and there is not much literature support
for that).

Around 30% of patients who undergo unilateral TKA
have enough symptoms -both in terms of pain and
functional impairments, to require contralateral
replacement within 10 years ©.

The controversy of simultaneous versus staged
bilateral TKA can be looked at in 4 different
categories:

1. Which technique would be more economic
and what is the cost-effectiveness?

2. Functional achievements: which one has

better functional outcome?

3. Complications, morbidity and mortality rate:
which one is safer?

4. What percentage of patients and for how
long after first TKA, would not need
contralateral TKA?

A: Economic issues

The detailed cost evaluation research on 24020 cases
of simultaneous bilateral TKA and 881002 cases of
one-side TKA from 2013, reported the expenses of
$43401 for simultaneous and $72253 for staged TKA.
The authors had used a sophisticated “incremental
cost-effectiveness ratio” and concluded that
simultaneous TKA was cheaper ),

Shorter operating time and period of hospitalization
was noted for simultaneous bilateral TKA in the
systematic review by Wang K. et al.®) and suggested
that younger age, work status and home support as
important considerations for Dbilateral, same
anesthesia knee replacement®.

—
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B: Complications

Complications of Staged or simultaneous bilateral
TKA have been compared in several research.
Adjusted risk of pulmonary embolism have been 80%
higher in 3-months period after simultaneous
bilateral than staged TKA-. But the sum of risk
associated with 2 operations of staged surgery may
be equal or exceed the risk of simultaneous TKA.
Barrett et.al. on their 2006 report on 122385
Medicare patients’ chart review recognised a
pulmonary embolism rate, in first 3-months post TKA,
of 1.44% in simultaneous and 0.81%in those who had
single knee replacement. Higher cardiovascular
complication within 30days in simultaneous TKA has
been also stated in other reports, but with a reduced
periprosthetic joint infection (PJI) rate ©®. Those
authors had recommended simultaneous bilateral
TKA only for those with no risk of cardiovascular side-
effects®),

Waren J et al.in their 2020 article compared this issue
in 4 risk levels of health in a large national cohort of
>320,000 patients and suggested that bilateral
simultaneous TKA may not be safe even in a healthy
patient when compared with unilateral TKA, since
over 3-folds increase in overall complication was
encountered in least healthy and also healthiest
cases with the simultaneous TKA ¢7),

Jared A. also confirms Waren ‘s views and cautions
about surgeons’ misconception and bias at looking at
his own individual patient, forced by patient’s desire
making them to advocate bilateral TKA®),

Higher mortality rate of 17% in unilateral TKA versus
0.49% in simultaneous bilateral TKA has been,
however, reported by Parvizi, et al. ©. It is noticeable
that the use of navigation system seems to decrease
the early mortality rate as stated by Kirvan, et.al.!*?,
Wang.et al. in a systematic review in 2023 found that
if staged TKA is planned, one should wait at least 3
months before embarking on the contralateral
knee”. Makaram et.al. had similar views of increase
mortality with  simultaneous bilateral knee
replacement %,

'
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