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Preface

The human foot and ankle, a marvel of evolutionary engineering, bears the immense
responsibility of supporting our body weight, facilitating locomotion, and adapting
to diverse terrains. However, precisely due to their pivotal role and intricate structure,
they are exceptionally vulnerable to a broad spectrum of traumatic injuries. From

a simple sprain to devastating fractures and dislocations, foot and ankle trauma
presents a constant challenge to clinicians, demanding a profound understanding of
anatomy, biomechanics, and the dynamic interplay of forces.

For too long, the comprehensive management of foot and ankle trauma has been
fragmented across various specialties, often leading to disparate approaches and
suboptimal outcomes. While excellent resources exist for specific aspects of diag-
nosis, surgical intervention, or rehabilitation, a singular, integrated volume that
addresses the entire journey from injury to recovery, including the often-overlooked
long-term sequels, has remained elusive. This book, Comprehensive Overview of Foot
and Ankle Trauma — Diagnosis, Treatment, Sequels and Rehabilitation, endeavors to
fill that critical void.

We aim to provide a definitive and up-to-date reference for orthopedic surgeons,
emergency physicians, physical therapists, podiatrists, athletic trainers, and all
healthcare professionals involved in the care of patients with foot and ankle injuries.
We have meticulously curated contributions from leading experts in their respective
fields, ensuring a multidisciplinary perspective that reflects the complexity of these
injuries and the necessity of a collaborative approach to their management.

The journey within these pages begins with a thorough exploration of the anatomical
and biomechanical foundations of the foot and ankle, crucial for understanding

both injury mechanisms and treatment rationale. Subsequent chapters delve into the
nuances of diagnostic imaging, encompassing the latest advancements in radiography,
CT, MR, and ultrasound, and emphasizing their role in accurate injury characteriza-
tion. A significant portion of the book is dedicated to detailed discussions of various
injury types, from common soft tissue injuries to complex fractures and dislocations,
outlining evidence-based treatment algorithms, both conservative and surgical.

A unique and crucial aspect of this book is its dedicated focus on the “Sequels” of foot
and ankle trauma. We recognize that successful acute management is only the first
step. Many patients experience persistent pain, stiffness, instability, arthritis, or other
long-term complications that significantly impact their quality of life. Understanding
and addressing these sequels is paramount for holistic patient care. Finally, the book
culminates with a comprehensive overview of rehabilitation strategies, emphasiz-

ing the critical role of individualized, progressive programs in restoring function,
preventing recurrence, and optimizing patient outcomes.



We extend our sincere gratitude to all the contributing authors for their expertise,
dedication, and tireless efforts in making this ambitious project a reality. Their
commitment to advancing knowledge in this field is truly commendable. We also
wish to thank our families and colleagues for their unwavering support throughout
this endeavour.

Dr. Khaled Elawady

Department of Trauma and Orthopaedics,
United Lincolnshire Teaching Hospitals,
Lincoln, UK
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Chapter1

Perspective Chapter: The Principles
of Ankle and Foot Post-Trauma
Rehabilitation

Maryam Alsaffar and Murtada Khajah

Abstract

The ankle and foot are very complex structures of the musculoskeletal system.
Any trauma to the ankle and foot complex might lead to a major disturbance in the
gait dynamic, which may lead to disability. In order to avoid such problems, a proper
rehabilitation program should be followed. In this chapter, an overview of the ankle
and foot will be examined to have a better understanding of the impact of injuries
on the joint, and the rehabilitation principles to follow post-injury for the desired
recovery.

Keywords: ankle, foot, trauma, rehabilitation, recovery

1. Introduction

The foot and ankle joint is considered to be one of the most complex structures of
the musculoskeletal system. It is supported with a strong ligamentous structure that
aids in stabilizing the joints and acts as force transmitter between the lower extremi-
ties and the ground, because of that these joints are handling an elevated level of
compression and shear forces during gait and weight bearing. Due to this structural
and functional complexity, the ankle joint is more prone to injuries. It was reported
in the literature that 22% of sport-related injuries presented to the emergency room
were ankle injuries [1, 2].

Some of the injuries involving this region include lateral ankle sprains, which are
considered the most common injury [2], along with all types of fractures of the tibia,
fibula, tarsal’s, metatarsals, and phalanges. Additionally, ankle injuries can result in
post-surgical deformities and complications [3].

Having said that, patients with injuries or post-surgeries conditions should be
managed with a proper rehabilitation program. A rehabilitation plan should be
based on an understanding of the complexity of the joint structure, the impact
of injuries, and post-surgical complications affecting the joint function. Given
the intricacy of the ankle and foot joints, injuries in this area can significantly
impact joint stability, mobility and the forces transmitted from the lower limb.
Understanding the complexity of the ankle and foot joint in regards of the structure,
biomechanics, and functional demands is key to developing individualized rehabili-
tation programs [4].
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The purpose of this chapter is to provide an explicit understanding of the
ankle and foot, enabling healthcare providers to identify and address the crucial
elements of assessment and management for post-traumatic foot and ankle
conditions.

2. Anatomy and biomechanics of the ankle and foot

To understand and manage any joint, we should first study its structure. Therefore
to understand the foot and ankle, the first element is to explore their anatomy.
Although the joint occupies a small area of the body, it holds a great amount of weight
and force transition. Its freedom of movement is critical to meet the functional
capabilities of the joint [5].

2.1 Anatomy

The ankle joint is a highly specialized synovial hinge joint that connects the lower
limb to the foot. It allows the complex function of transferring the weight of the body
and maintains balance while walking, running, and jumping. The talocrural joint,
which is another name for the ankle joint, is formed by the connection of the lower
limb bones, the tibia and fibula with the talus, supported by a strong set of ligaments.
This structural arrangement gives the joint a great level of stability, as the talus is
secured by the medial malleolus of the distal of tibia and the lateral malleolus of
the distal of the fibula as shown in Figure 1. The ankle joints allow dorsiflexion and
planterflexion, which are primary movements during gait Figures 1 and 2 [5-8].

The ankles stability is further supported by a strong ligamentous structure as in
Figure 2, and these ligaments include: medial ligament also known as the deltoid
ligament, and the lateral ligaments that consist of the anterior talofibular ligament
(ATFL), the calcaneofibular ligament (CFL), and the posterior talofibular ligament
(PTFL).

The deltoid ligament that has a triangular structure is a strong ligament that
prevents excessive eversion of the foot. In the other hand, the ATFL, CFL, and PTFL
work together to prevent excessive inversion [9].

The tibia and the fibula as well connected by a fibrous joint are called the syndes-
mosis. This joint is strengthened by two ligaments: the anterior inferior tibiofibular
ligament (AITFL) and the posterior inferior tibiofibular ligament (PITFL), which
provide an extra support and stability [9].

The ankle joint is lined by synovial membrane, which produces synovial fluid
to lubricate and nourish the articulation cartilage of the joint. The cartilage enables
smooth movement and absorbs impact. In addition to the ligaments, the joint is
surrounded by tendons that provide movement and promote support; these tendons
include the Achilles tendon, which connects the calf muscles to the calcaneus and
plays role in plantar flexion. Other tendons including the posterior and anterior
tendons of the tibialis muscle control the fine movements and help in maintaining the
foot arch.

The ankle joint is highly supplied by blood vessels from branches of the anterior
and posterior tibial, and the fibular arteries to insure sufficient delivery of nutrients
[7, 9]. Moreover, it innervated with nerve supply prances from the deep perineal,
tibial, and sural nerves, and these nerves facilitate movement and transmit sensory
impulses like pain, and proprioception to the brain [5].
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Figure 1.
The bone structure of ankle and foot [6].

Support and mobility are provided by several muscles divided into groups
depending on their location and function. The anterior muscle group includes tibialis
anterior, extensor hallucis longus, and extensor digitorum longus, which primarily
facilitates dorsiflexion and toe extension. The posterior group, the gastrocnemius,
and soleus muscles originate from the calf and attaches to the heel via the Achilles
tendon (TA), enabling plantar flexion of the ankle [7].

In addition to that, a group of deep muscles are found posteriorly such as tibialis
posterior, flexor digitorum longus, and flexor hallucis longus, and these muscles,
which could be found on the medial aspect of the foot, aid with plantar flexion and
foot inversion, providing arch support. Adding to that, a lateral group that includes
the peroneus longus and brevis facilitate eversion and stabilize the ankle in weight-
bearing activity. This group support balance foot posture, a group of smaller intrinsic
muscles which found medial to the foot. All these muscles work together in coordina-
tion to provide adaptation and dynamic support [9].
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Figure 2.
Ligaments of the ankle and foot [6].

This anatomical structure allows the joint to effectively function and perform
under the daily activity stress, and having said that, any disturbance to this structure
may lead to impairment of the daily activities and quality of life.

2.2 Thejoint plain and freedom of movement

The ankle joint, as mentioned earlier, is a hinge joint that facilitates movement
in the Sagittal plane and has one degree of freedom. This degree of freedom is very
important in controlling propulsion and absorption of forces during gait, running,
and jumping. It allows two movements that are dorsiflexion with a range that may
extend up to 20 degrees and plantiflexion which may reach to approximately to 50
degrees as shown in Figure 3. The range varies depending on joint flexibility and
overall health [11].

Although the talocrural joint is the primary moving joint, the ankle complex
functions as a unit allows for additional movement because of it interaction with
other joints, such as the subtalar and transverse tarsal joints. The subtalar that could
be referred as talocalcaneal joint permits movements in the frontal plane including
inversion end eversion. These movements are very important in adjusting the foot
while walking on any uneven surface and maintaining balance. Inversion of the foot
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Movements of the ankle joint [10].

tilts the sole of inward toward the midline, which ranges around 20-30 degrees, while
eversion that involves tilting the sole of the foot outward is rather limited to approxi-
mately 5-10 degrees [9, 11].

The ankle complex has a lesser degree of movement in axial rotation such as
adduction and abduction, and the available movements happening at the transverse
plane mainly involve the subtalar and transverse tarsal joints. Despite the fact that
the talocrural joint itself does not impact the rotation directly, the slight foot twisting
facilitated by the ankle’s anatomical interaction allows for multidirectional adjust-
ments improving mobility and adaptability [1, 9, 11].

The interaction between these movements reinforces the functional versatility of
the joint Figure 3. The talocrural joint works as the primary stabilizer in the sagittal
plane; meanwhile, in hand the subtalar and other related joints provide dynamic
adaptability across the frontal and transverse planes. To ensure the joint meeting the
demands of all daily and complex activities depends on the interaction of these move-
ments together. Because of that understanding, the plane of movement and degree of
freedom are crucial for planning the rehabilitation programs, as it plays a key role in
restoring and enhancing the ankle function and ability.

2.3 The biomechanics

Biomechanical system of the ankle and foot is important to induce adaptation to
weight bearing and ground reaction forces by enduring the pressure and transferring
of forces while walking, see Figures 4 and 5 [12].

To have a better understanding of the ankle biomechanics it can be divided into:
static stability and dynamic stability. Both of them are essential for maintaining good
function during movement and rest.

2.3.1 Static stability

Static stability refers to the structural and passive forces on the ankle and foot to
maintain balance and support while at rest or in situation where external forces are
applied, such as standing on one leg or on uneven surface. This type stability relies
on the alignment of the bones, integrity of ligaments, and the support of connective
tissues such as the plantar fascia. A major contributing factor of the static stabil-
ity is the medial longitudinal arch, which plays a major role in distributing weight
and maintaining balance. Moreover, ligaments such as the deltoid ligament on the
medial aspect of the ankle and the lateral ligament complex, together with ATFL,
resist excessive inversion and eversion to help prevent sprains and dislocations of
the ankle joint [13, 14].
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The modified rehabilitation pyramid [4].

2.3.2 Dynamic stability

Dynamic stability of the ankle and foot refers to the ability of the complex to respond
and adapt to changes in load and surface changing during movement to ensure balance
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and control. It is mainly the responsibility of the ligaments supporting the joint and the
muscular forces that stabilize the articulation structures in the joint. Walking on uneven
surfaces while trying to maintain balance is an example of dynamic stability [14].

2.3.3 Integration between static and dynamic stabilities

The ankle and foot are biomechanical wonder that integrate both the complexity of
the structure and the ability to adapt to the function related. Alongside weight bearing,
and shock-absorbing capabilities, they enable propulsion for generation of fundamen-
tal human movements. From biomechanical prospective, proper assessment and man-
agement of the ankle stability, whether static or dynamic, are critical for rehabilitation
programs and injury prevention. For example, a weak or injured ATFL can compro-
mise static stability, increasing the risk of recurrent ankle sprains. Likewise, weakened
perineal muscles or delayed neuromuscular responses may impair the ability to adapt
to sudden changes in the surface or load, resulting in instability or overuse injuries such
as tendinopathies. Moreover, imbalance or misdistribution between static or dynamic
stability can significantly affect over all ankle functions such as flat foot. The loss of the
medial arch support impacts both static and dynamic stabilities, leading to alternation
in gait pattern and causing an increased level of strain on the plantar fascia and TA.

Optimal ankle and foot function depends on having a synchronized interaction
between dynamic and static stabilities. For instance, during jumping and landing, the
static stabilizer gives the baseline of support; at the same time, the dynamic stabilizer
works to adapt to the forces generated by the movement and tries to maintain balance.
While the foot in landing, the medial arch will work as shock absorber by deforming
slightly with the plantar fascia and the other ligaments to prevent excessive collapse.

While transition into propulsion occurs, the components of dynamic stability take over by
activating muscles and tendons to create controlled movements and restore energy for next
step [13, 14]. This interaction is very important to maintain balance on uneven or unpre-
dictable surfaces, in case rapid adjustment in muscle activation is needed to prevent falls.

Rehabilitation and management of ankle and foot injuries and prevention strate-
gies need to take into account these three aspects (anatomy, joint plane and freedom
of movement, and biomechanics). A comprehensive evaluation that involves all the
tools is needed to identify and understand the problems, enabling medical caregiver
to provide appropriate treatment and management.

3. Ankle and foot post-trauma rehabilitation

The rehabilitation of the ankle and foot complex relies on basic principles, with
the main focus on returning to normal levels of activity before the injury occurred.
Functional limitations are the first to considered by Magee et al. [4]. This functional
limitation has a significant impact by pain, reducing range of motion, muscle
strength, and endurance, which can contribute to poor balance and proprioception.
To ensure effective rehabilitation a well-rounded assessment should be done followed
by a proper management plan to recover fully and prevent future injuries.

3.1 Assessments tools of the ankle and foot

As one of the most complex joints in the body, the ankle joint is particularly vulner-
able to impairments and disturbances. A wide range of tools are available for evaluation,
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including pain scales, range of motion tools, muscle strength assessment, endurance and
balance measures, and imaging studies. Moreover, we have tools that are patient self-
reported such as foot and ankle ability measures (FAAM) and the ankle and hind foot
scale (AOFAS). These tools can help identifying issues and evaluate symptoms, which
help therapists to determine the best rehabilitation program [14-19]. However, under-
standing the underlying cause of the symptoms requires good observational skills, allow-
ing therapists to differentiate between symptoms and their associated causes effectively.
Both postures, static analysis and functional (movement) analysis are essential in
determining the problem and creating an effective rehabilitation program.

3.1.1 Subjective assessment

Subjective assessment is essent (Box 1) for physiotherapists, as it evaluates and pro-
cesses patient information, providing crucial information for clinical decision making.

History taking, which is a key component of subjective assessment, helps in
understanding the mechanism of injury. For example, understanding whether an
injury resulted from a fall, a ligament tear, or a twisted ankle can help in providing
important clues to the involved structure. Identifying whether the injury is acute or
due to overuse repetitive stress such as running course, the injury can also offer valu-
able hint to the underlying cause [20].

Moreover, subjective assessment can identify whether previous injuries are related
to the current condition. For example, whether repetitive ankle sprains are common
and may indicate chronic ankle instability.

Pain is the main drive to seek professional help in most cases, so it is very impor-
tant to understand the description and behavior of it to guide in correlating the
symptoms cause and help in differentiation of the responsible structure. For example,
tingling and numbness in the foot may indicate nerve involvement like tarsal tunnel
syndrome. When assessing pain one should evaluate location of the pain, quality and
intensity, and behavior [21, 22]. Visual analog scale is an example of an easy patient-
reported pain outcome measure that is commonly used in the clinic [23].

Taking into consideration patient goals are very important, it helps in setting the
rehabilitation process, by including the patient in decision making. This can help in
adherence and improvement of the patient condition.

3.1.2 Objective assessment

A variety of objective assessment tools are available to evaluate patients to provide
more insight joint physical impairments and deficits, and they are used for guild
treatment and monitoring patient’s progression. These tools include the evaluation of
strength, range of motion (ROM), stability, functional performance, and overall foot
mechanics (Box 2).

Subjective assessment:
1. Patient history

2. Pain assessment

3. Patient goals

Box 1.
Subjective assessment tools.
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Objective assessment:

1. Muscle strength

2. Range of motion

3. Stability

4. Functional performance

5. Foot mechanics

Box 2.
Objective assessment tools.

Diagnostic imaging such as X-ray, MRI, and CT scans can give a detailed imaging
to roll out bone fractures and soft tissue injuries post-trauma, and they are crucial to
prevent tissue harm and to begin the process of rehabilitation [4].

Ankle and foot swelling is the first symptom post-trauma, it is a natural response from
circular system where fluid and white blood cells are accumulated to the injured area.
Swelling can be measured using tape measurement around the ankle; for example, The
Figer of Eight method or by using volumetric measurement by submerging the foot in
water and measuring the displaced volume are used to quantify edema or swelling [24].

Having full range of motion (ROM) is necessary in achieve a balanced gait, and
any reduction in joint angle will have a direct effect on the function of the ankle joint.
ROM is measured by using goniometry which is the common tool to use in the clinic,
and measures joint angles of all movements pre- and post-treatment to evaluate the
effectiveness of the rehabilitation program [4, 20, 25].

Another way to measure ankle dorsiflexion flexion is by weight-bearing lunge test
(WBLT), limitation in the angle of ankle dorsiflexion may lead to gait abnormalities
or movement compensation.

After ankle and foot injury especially in sprain injury, the most affected structures
are the ligaments; therefore, ligament integrity tests are highly recommended to roll
out the involvement of the ligaments.

The most used tests are Anterior Drawer Test, Tatar Tilt Test, and External
Rotation Test. Anterior Drawer Test that mainly assesses the integrity of the anterior
talofibular ligament (ATFL) found that excessive forward translation of the talus sug-
gests positive results. Tatar Tilt Test evaluates the calcaneofibular ligaments (CFL),
considered to be positive if there was an increase in inversion compared to the other
ankle, while External Rotation Test helps in identifying syndesmotic injuries such as
high ankle sprains [17, 24, 25].

Manual Muscle Testing (MMT) is used as an outcome measure to evaluate muscle
ability to generate power, which has five-grading system starting from (0) as no muscle
activation is detected to (5), where muscles can resist against maximum manual force [26].

Despite controversy of the validity and reliability of this tool, MMT is a commonly
practice in the clinic due to the straightforward application; moreover, it could test
several aspects of neuromuscular control [27, 28].

Other muscle testing tools are available such as Handheld Dynamometry that
provides more objective muscle strength reading that MMT.

Balance and proprioceptive assessment of the ankle joint is a major evaluating
outcome; it is the key elements in preventing future injuries to the joint.

Static balance can be evaluated by using Single-Leg Balance Test [29], while Star
Excursion Balance Test [30] can evaluate dynamic balance. This test evaluates the
ankle functional stability by reaching in multiple directions while standing in one leg.

9
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Due to the fact that the aim of the lower limbs to serve the purpose of weight
bearing and locomotion, gait analysis, as in Figure 4, is the most important assessment
after ankle injuries. It provides thorough insight into the biomechanics and functional
recovery of the patient. After an injury and due to prolonged limping or immobiliza-
tion, the gait pattern may be affected, which leads to compensations in the gait pattern.

When assessing gait by visual observation, we need to find any ankle and foot
deformities or deviations. Gait analysis helps in finding alteration in gait patterns,
such as movement compensations or imbalance in weight distribution. On the
other hand, gait analysis monitors recovery and progression, as it allows tracking of
improvement over time. This process helps in setting clear goals and customizing
rehabilitation plans for each patient. Adding to that by evaluating gait to detect and
correct movement, the risk of further complications affecting other joints can be
prevented [12].

Visual observation is the main physical therapy tool of evaluating and assessing
gait, because of that a complete understanding of the normal gait pattern is needed.

Pressure Plate analysis is another tool that could be used to provide detailed data
on plantar pressure distribution and timing during gait [31].

Other tests that could be included in the assessment of the ankle and foot are
Functional performance tests such as Single-Limb Hop Test (to evaluate functional
stability and balance), and foot posture and alignment tests that may include Foot
Posture Index (FPI-6) that has six score to evaluate foot alignment. Navicular Drop
Test is another test to evaluate medial arch collapse by measuring the difference in
height with and without weight bearing [18, 24, 32].

Adding to all the mentioned assessment tools, the patients self-reported outcome
measures (PROMs) that correlate with a valid and reliable assessment tool in the
clinical filed. PROMs are believed to provide direct insight into patient’s perspectives
of their health, functional abilities, and quality of life [33].

There are many PROMs that can be used for ankle and foot patients depending
on their complain and the clinical judgment of the therapist, and they could include
Foot and Ankle Ability Measure (FAAM) that helps in tracking functional activity of
daily living and sport [34] or Lower Extremity Functional Scale (LEFS) that assesses
overall lower limb function [35].

Other nonspecific joint outcome measures include tools such as Berg Balance Scale
(BBS) that evaluates balance and fall risk in adults and SF-12, which is the short form
of Health Survey, it is a self-report outcome to assess the impact of health on people
quality of life [36].

All these tools and outcomes could be used as an initial assessment to monitor
patient progression and to evaluate the effectiveness of the rehabilitation program.
The discussion of which tools to use depends on the patient’s condition and symp-
toms, along with the therapist’s clinical judgment. Planning an effective treatment
plan is highly correlated with the ability to associate findings from these tools and
critical clinical thinking of the therapist to find out comparable signs and underlying
problems addressing them in the rehabilitation program.

4. Developing rehabilitation program

After the ankle and foot injury, the joint complex losses the ability to drive and
support the gait circle; therefore, a proper rehabilitation program should be intro-
duced considering both early mobility and injured tissue protection. This will allow
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promote healing and recovery of the neuromuscular system, which helps in prevent-
ing the recurrence of injuries or symptoms such as overuse injuries, is quite common
in the ankle and foot complex. For this reason, therapist should use the skill of good
judgment after assessing the patient to develop a tailored program that meets the
patient complains and needs [4].

There are many different rehabilitation methods that can be followed when
treating patients with post-ankle and foot injuries. Meanwhile, the principles of these
techniques usually are the same. This section we will address the phases of post-injury
rehabilitation and introduce rehabilitation principles that aid in promoting recovery
and stability. Additionally, some of the protocols that are usually used post-surgeries
will be mentioned later.

4.1 Rehabilitation principles and injury phases: a

The ankle and foot have an overly complex structure that involves the interaction
between many structures, the severity of the injuries and the underlying structure,
determining the phases of rehabilitation. To design a proper rehabilitation program
that is relevant to injured tissue, the types of injuries include the following:

1.Injuries that do not involve disturbance of any tissue.
2.Injuries that involve soft tissue impairment.
3.Injuries that involve bone fractures.

Each type of these injury has a deferent bath of rehabilitation depending on
the severity and the management (surgical, conservative) needed to resolve it; for
example, T.A. Repair has a protocol that needs to be followed step by step based on
the surgical procedure performed [37].

Before delving into each type of injury, the general principles of rehabilita-
tion should be explained to make them comprehensible and easy to follow while
developing the rehabilitation plan. According to the literature, one way to under-
stand the healing process after injuries is by following the rehabilitation pyramid,
which is modified by Hertel ] and Deneger as shown in Figure 5. This paradigm
is used to outline the framework for recovery for patients after injury. It focuses
on regaining function and control to return to normal activity, and preventing
further injury by following a systematic approach, with each phase depending on
the phase before it [4, 38, 39].

As it could be seen in Figure, the base of the pyramid focused on first phase
post-injury, where the aim of rehabilitation is to control inflammation and pain and
restoring of injured tissue integrity. This is important as a foundation of building an
effective recovery program. The aim of this phase is reducing pain and inflammation
by using the RICE principle which is, rest, ice, compression, and elevation, with the
prescription medication that helps in controlling pain and inflammation [4, 40, 41].
Adding to that, introducing muscle activation techniques in this level is crucial to
prevent muscular weakness and atrophy. Joint immobilization can be achieved using
braces, casts, or walking boots advised in on the need to provide a suitable environ-
ment for the damaged tissues to heal. Preventing weight bearing or reducing its
impact is also important to ensure the protection of the tissues and the joint environ-
ment, aiding the recovery process [4, 42].
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Moving to the top of the pyramid from the left side focuses on neuromuscular
control; meanwhile, the right side is focused on restoration of movement; both
sides aim to reach to the top of the pyramid, which returns to functional activity
simultaneously.

Neuromuscular control is divided into three levels; the first level focuses on restor-
ing the control of voluntary movement and muscle inhibition, followed by the second
step that involves the control of reflex reaction. Meanwhile on the other side as it is
shown in the paradigm, the first level is to restore a range of motions, followed by
working on muscle strength and endurance. Working on these levels would facilitate
stepping up the next level where the left and the right sides of the pyramid join to
restore the functional movement pattern that is the third level of neuromuscular
control [4, 43].

This system would allow therapists to develop and design rehabilitation programs
for each patient’s individual injuries and symptoms. Evidence suggests that by involv-
ing the progression of neuromuscular control throughout the rehabilitation system,
patients allow to achieve study recovery.

4.1.1 Neuromuscular control techniques

Neuromuscular control involves joint movement and stability by integrating
sensory feedback, proprioception, and motor response. The control is due to the
interaction between the nervous system and the muscle groups, producing a smooth
and precise movements. Maintaining dynamic balance and adapting to environment
are crucial [4].

Rehabilitation techniques that help with developing the neuromuscular control
may include the following:

1. Proprioception training.

Proprioception training is a critical element of ankle and foot rehabilitation. It
focuses on enhancing the body’s ability to sense joint position, which helps with
preventing re-injuries by improving balance, coordination, and stability. Dynamic
activities as well rely on proprioception input to maintain stability specifically during
the rapid movement [44, 45]. Adding to that, a study by Rosen et al. shows a reduc-
tion in the symptoms of chronic ankle instability after proprioception training and an
improvement in the functional outcomes [46-48].

2. Strengthening exercises

Muscle strengthening plays a fundamental role in the rehabilitation process.
Following any injury to the ankle, the surrounding muscles often weaken affecting
the joint function, compromising stability, disrupting biomechanics, and increasing
the risk of chronic joint instability. Muscle strengthening enhances joint function by
improving stability and shock absorption, while helping correct biomechanics imbal-
ances and preventing re-injuries.

Strengthening exercises may include isometric exercises, weight loading,
and concentric and eccentric exercises, as adding them to the rehabilitation
plan helps to train muscle control and acts as shock absorbers during gait and
running [4].
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3.Open and closed kinetic exercises

Open kinetic exercises are also used as strength exercises in the rehabilitation
plan. Open kinetic exercises involve movement where the distal part of the limb
is free in space, while the proximal part remains stationary, focusing on isolated
muscle activation.

Closed kinetic exercises involve the distal part of the limb being fixed (e.g., on
the floor) while the proximal part moves. These exercises mimic functional weight-
bearing activities, such as walking and stepping, enhancing functional strength and
encouraging co-contraction of surrounding muscles to promote joint support [49].

4.Dynamic movements

Dynamic movements play a role in ankle and foot rehabilitation. They are as
important as proprioception and strengthening training because they all help to
achieve the same goals. Literature suggests that dynamic movements enhance func-
tional outcomes, reduce the risk of repetitive injuries, and improve neuromuscular
control [44, 45, 50].

5.Feedback mechanisms

Feedback mechanisms, whether intrinsic (from the body) or extrinsic (from
an external source), help the patients perform exercises correctly and adapt to the
biomechanics demands during rehabilitation. Examples of intrinsic feedback include
balance exercises where the feedback is driven from sensory information within the
body, such as joint positioning or muscle tension.

On the other hand, extrinsic feedback comes from external source, such as verbal
advice from a therapist or visual feedback using mirrors to correct body alignment.

In addition to that, augmented feedback by using auditory or visual alert from a
platform to deliberate external cues to facilitate intrinsic feedback could be used to
improve exercise performance [4, 51, 52].

4.1.2 Range of motion and muscle strengthening techniques

To regain full joint performance, the joint should be clear and able to move freely
without restriction. When the ROM is reduced due to joint articulation problem or
muscle and soft tissue issues, it should be addressed and managed to restore function
and prevent re-injuries. Techniques to improve ROM include active and passive move-
ment exercises, manual joint mobilization, and muscle energy techniques.

For example, manual joint mobilization is one way to improve ROM of ankle
planner-flexion or Doris-flexion; in addition, it influences pain reduction [53, 54].

Beyond ROM improving muscle strength and endurance should be addressed in
the rehabilitation program to ensure full recovery. Muscle strength helps support
joint stability, enhance movement efficiency, and prevent compensatory movement
patterns. Strength also improves endurance, which is the ability in sustaining repeat-
able contractions over time. It is particularly important in daily activities such as
prolonged standing and running. In addition to that, it improves shock absorption,
protects the joint, and facilitates return to sport activities. Examples of strengthen
exercises may include the following (Box 3):
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Strengthening exercises:
* Isometric
* Isotonic
* Functional

¢ Endurance

Box 3.
Types of muscle strength types.

Isometric (static) exercises for early-stage rehabilitation followed by progres-
sion to, and isotonic exercises where they have more results when performed at low
intensity but high repetition. Functional exercises that involve resistance and increase
repetition like stepping or walking on toes may be used. Moreover, endurance exer-
cises might include high repetition, low-load exercises, and dynamic activities, such
as treadmill walking or light jogging [4, 55, 56]. All these exercises could involve
concentric or eccentric muscle activation depending on the patient’s need [57].

After understanding the basic principles of rehabilitation techniques and the
rehabilitation pyramid, a treatment plan should be established for each level of injury
depending on the severity of the problem and the patient’s main concerns.

These could range from minor injuries like ankle sprains or bruising to shear
conditions requiring surgical procedures.

In this section, some of the main diagnoses or injuries will be analyzed, along with
an example of a rehabilitation program.

5. Examples of ankle trauma rehabilitation protocol
5.1 Lateral ankle sprain

Lateral ankle sprain is the most common injury of the ankle. It is usually treated
in the emergency room but often not followed up in clinics, which means patients
usually have no chance for proper recovery and rehabilitation [58]. An example of
post-ankle sprain rehabilitation could include several phases like:

1. Acute phase (0-7 days)

The goal of this phase is to reduce pain and swelling associated with the injury.
This can be established by protecting and stabilizing the joint by using weight-
bearing braces if the pain is severe or tape if the pain is tolerable. It was indicated in
the articles [59] that bracing or taping can reduce the risk of re-injury in sports by up
to 50% if introduced during the first phase of the injury.

Cryotherapy is recommended to reduce pain and swelling as well, which could be
combined with compression and evaluation (RICE principals) to obtain better results.

During this phase, early mobilization is highly recommended, pain-free range of
motion exercises such as ankle circumduction, and active plantar flexion and dorsi-
flexion should be included to prevent joint stiffness and promote circulation [41].

Strength exercises in this phase should be guided by the patient pain level, and it
is advisable to begin with isomeric strengthening exercises. For example, pressing the
foot into resistance with a towel or wall, all movements of the ankle are involved.
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2. Subacute phase (1-3 weeks)

The aim of the phase is to restore ROM, muscle strength, and proprioception while
gradually introducing weight bearing depending on the patent’s tolerance. Theraband
resistance exercises to increase muscle strength and endurance in this phase, both
concentric and eccentric muscle contractions, should be performed in this phase.

Balance exercises such as standing on one leg and using balance board are impor-
tant during this phase to activate proprioception system of the ankle and foot [45].

In some patients, the joint ROM might be compromised, if so of manual
therapy techniques could be performed to help with increasing ROM of the joint.
Furthermore, some of the low-impact functional exercises such as swimming and
cycling are recommended to improve overall performance and maintain fitness [60].

3.Strengthening Phase (3-6 weeks)

The primary goals of this phase include enhancing muscle strength, neuromuscu-
lar control, and functional stability. This phase focuses on the following:

* Increasing resistance in exercises such as heel rise, step up, and down, with
theraband strengthening.

* Dynamic balance techniques are introduced for gait training exercises to
improve endurance and gait stability.

* Functional movement, and plyometric training such as jumping and landing
drills could be included to fulfill the phase aim.

4.Return to normal lifestyle and sport phase (6-12 weeks)

In this phase, the therapist needs to advance the level of exercises depending on
the patient’s goals and level of activity pre-injury. The aim of this phase is to restore
full function, agility, and prevent re-injuries.

After completing this phase, patients should have full recovery and be ready to
resume their normal level of activity with less chance of re injury.

5.2 Bone fractures

Bone fractures of the ankle and foot are quite common injuries. These fractures
can range from simple stress fractures to complete displaced or non-displaced frac-
tures. Regardless the type of the fracture, or whatever the reduction management is
(conservative or operative), rehabilitation for post-fracture patients usually follows
the same bath, focusing on restoring mobility, strength, and joint function [42, 61].

1.Immobilization phase (0-6 weeks)

The ankle will be stabilized with a cast, brace, or boot to stabilize the ankle, to
allow bone heeling. Usually, patient would be recommended to use walking devices
with non-weight-bearing gait pattern at the beginning of this phase. Some studies
suggest that early weight bearing in stable fractures improves the recovery process
without increasing the level of complications [62].
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2. Mobilization phase (6-12 weeks)

In this phase of rehabilitation, a gradual ROM restoration and prevention of stiff-
ness are crucial to prevent chronic joint stiffness. Active exercises, along with isometric
strengthening techniques, should apply along with functional exercises such as gradual
weight bearing and stepping exercises to enhance flexibility stability and function.

3. Strengthening phase (+12 weeks)

This phase aims to build up muscle strength, improve balance, and enhance
endurance proprioception to ease the way to full recovery. This can be achieved by
introducing resistance exercises, proprioceptive training, and functional exercises
such as cycling.

4. Returning to normal level of activity (4-6 months)

The purpose of this stage is to reach to the full recovery and returning to the full
functional capacity of the body, by introducing high-intensity exercises and specific
strengthening programs tailored to the patients’ needs and goals, are introduced.
The gradual progression of exercises helps in preventing and reducing the risk of
re-injuries [41].

5.3 Post Tendo-Achilles repair

The Tendo-Achilles, also known as the triceps surae, is considered the largest and
strongest tendon in the human body. It connects the calf muscles (the aponeuroses of
the gastrocnemius and soleus), and plantar is muscles to the calcaneus bone. Post-
surgery patients need to follow a protocol to prevent the risk of injury to repaired
tendon. The therapist and the surgeon should work together as a team to insure a full

and healthy recovery [63, 64]. Phases of T.A. Rehabilitation include the following:

1.Immobilization Phase (0-2 weeks)

The aim of this phase is to protect the repaired tendon, and to minimize swelling.
It is recommended to:

* Use posterior splint or flexible boot that allows 20 to 30 degrees of plantar
flexion. As the literature suggests, early weight bearing with flexible immobili-
zation achieves better outcomes [64].

* Non-weight bearing with crutches to reduce the load on the operated tendon.

2. Early mobilization Phase (2-6 weeks)

This phase focuses on restoring ROM and preventing stiffness. Early gentle
mobilization exercises are recommended to avoid stiffness.

* Use functional boot with adjustable planter flexion angles.
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e Start partial weight bearing with the boot (as patient tolerated).
* Avoid over stretching exercises to protect the tendon integrity [64].
3. Strengthening Phase (6-12 weeks)

The aim of this phase is to improve muscle strength and endurance, preparing
patients to restoring full functional ability.

* Start gradual full weight bearing out of the boots.
* Isometric strengthening exercises of the ankle muscles.

* Progress to concentric and eccentric exercises, such as heel raises on both feet
and then progresses to single leg.

Eccentric exercises help in improving tendons elasticity and strength that reduces
the risk of re-injury [57, 65].

4.Functional Phase

Restoring of proprioception, balance, and functional performance are the aim of
this phase.

* Advanced strengthening exercises are introduced and neuromuscular training
to protect the tendon.

* Proprioceptive training to improve balance, for example, exercises on uneven
surfaces.

* Incorporating functional training to improve neuromuscular control and
readiness to sports. TA loading exercises with resistance are recommended to
enhance tendon integrity [63].

5.Return to sport Phase

Final phase is sport specific to guide athletes returning to sport safely a proper
rehabilitation program that tailored to the patient and sport should be followed [66].

* High-intensity functional exercises.
* Gradual introduction to sport-specific exercises under supervision.

These are examples of management strategies of post-injury and operative ankle
and foot; other injuries would have a similar path, which mainly depends on the critical
thinking and good judgment of the therapist to move from one rehabilitation phase and
progressing to the next. Considering the other joints of the lower limb is also important,
exercises of the knee and the hip joints may be included as early as possible to maintain
their strength and prepare them for the procession of the rehabilitation phases.
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6. Conclusion

The ankle and foot are an extraordinarily complex structures that bear a signifi-
cant amount of stress and load to perform their functions and maintain stability and
balance of the body. As consequence, they have a high incidence of injury. Although
the rehabilitation of the ankle and foot complex can be challenging, a thorough out
understanding of anatomy, joints, freedom of movement, and biomechanics will help
therapists to build the suitable rehabilitation plans that align the patient needs and
goals.

In addition, therapists should be aware of the fundamental strategies for physical
therapy assessments to identify the associated problems and challenges. This aware-
ness is important to design the effective patient management plans.

Following the rehabilitation principles stages is crucial to ensure healthy recovery
throughout the rehabilitation process.
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Abstract

The Achilles tendon ruptures management with synthetic augments remains
controversial due to potential complications. Primary repair with Ligament
Augmentation and Reconstruction System (LARS) offers a reliable technique for
repair: it eliminates the need for graft harvesting, reduces the re-rupture rate, and
complications related to immobilization. It is possible to associate the LARS technique
with minimally invasive surgery, reducing problems related to wound management.
LARS is an effective choice in acute trauma, even in young patients; combined with
an early rehabilitation program, it improves functional outcomes.

Keywords: Achilles tendon rupture, L.A.R.S. and LARS, tendon reconstruction,
biocompatibility, synthetic graft

1. Introduction

Achilles tendon partial or complete tears may be caused by a direct or indirect
trauma or may occur without an acute trauma, as the result of a chronic degenerative
process.

Usually, in a complete rupture, the patient feels severe pain, frequently described
as a sensation of having been kicked in the tendon, with immediate functional
impotence in plantar flexion unable to walk without support. In partial rupture, the
clinical picture may be similar, but usually, the pain is less localized, and the ability to
flex the plantar may remain. It is very important not to underestimate these lesions,
which can rapidly evolve if not adequately treated.

First of all, it is necessary to have a clinical framing of tendon injuries, with the
distinction between chronic and acute lesions.

Achilles tendon degeneration symptoms are not uncommon, and ruptures that
occur without trauma are a sign of degeneration. This symptoms often manifest
themselves much earlier than observed under surgery.

In everyday clinical and surgical practice, in the discussion of the reconstruction
technique, a common factor emerges: the Achilles tendon is subjected to degenera-
tive phenomena even in young patients, and its rupture, as well as its repair, must be
studied and carried out taking into account the ruptured tissue quality.
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Achilles tendon rupture is a clinical diagnosis. In the objective examination, it is
necessary to perform a Thompson test and appreciate by palpation, a clear depression
in tendon, interruption, or thinning of the size of the tendon fibers.

Tendon tissue should be studied with an echographic exam in case of doubt in
partial lesion or to check residual tendon quality.

Tendon quality must be tested at the beginning of the surgical operation. All good-
quality tissue will be utilized in the reconstruction and must guarantee performance
during the physiotherapy rehabilitation program, as well as in the gradual return to
sports activities and everyday life.

2. Choice of surgical technique

Different surgical techniques to repair the Achilles tendon are still being discussed,
and even conservative methods are considered and often used.

In the decision-making process, it is mandatory to analyze different genesis of
tendon injuries, the patient’s immediate and remote medical history, age, quality of
life before trauma and, mostly, different functional request [1]. Every choice must be
designed on patient’s needs, let us imagine this process like the creation of a tailor-
made suit.

In Table 1, two authors, Myerson and Kuwada, classified Achilles tendon lesions
and showed how the severity is essentially linked to the size of the tendon loss and
retraction: at any increasing gap created by the injury, there corresponds an increas-
ing complexity of surgical tendon repair [2, 3].

As mentioned above, determining the type of injury, acute or chronic, has to be
the first step.

Ligament augmentation and reconstruction system L.A.R.S. (Figure 1) is well-
known among knee surgery specialists owing to its consolidated use in anterior cruci-
ate ligament reconstruction [4-7] but is also often used in chronic Achilles tendon
injuries.

Undoubtedly, LARS reconstructions have proven fundamental importance to
repair inveterate injuries, re-ruptures, or to revise previously operated tendons [8].

Grade Gap Surgery
Myerson
I Gap <2cm End-to-end anastomosis and posterior compartment fasciotomy
I Gap2-5cm VY plasty augmented with tendon transfer if needed
I Gap >5cm Tendon transfer alone or in combination with VY plasty (advancement
or turndown)
Kuwada
I Partial rupture Nonoperative treatment
I Complete rupture Gap End-to-end tenorrhaphy
<3cm
11 Gap 3-6 cm Biological graft +/— augmentation with artificial graft
v Gap >6 cm Gastrocnemius recession, biological/artificial graft
Table 1.

Myerson classification and Kuwada classification of Achilles tendon rupture [2, 3].
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Figure 1.
L.A.R.S. ligament augmentation and reconstruction system.

Although the LARS technique used in chronic lesions is the most widely documented
in the literature, some types of acute injuries may need LARS treatment as well.
Acute rupture often involves a degenerated tendon, poor in fiber quality, associ-

ated with a degenerated peritenon, which makes it difficult to obtain a good direct
reconstruction.

Acute trauma should also cause a severe tendon loss, which hesitates in an impor-
tant tendon shortening if end-to-end sutures are used. In all these acute lesions it
is difficult to obtain a valid end-to-end tenorrhaphy also with the use of V-Y plasty,
tendon reinforcement (e.g., Chigot-Ganier technique) or reconstructions with flaps
(e.g., Bosworth technique) [8-12].

Table 2 lists briefly different methods to perform reinforcement, advancement,
plasty, local tendon transfer, or free tissue transfer (AUTOGRAFT - ALLOGRAFT—
XEONOGRAFT). All these techniques help the functional tendon reconstruction in
cases of lack of tissue [13, 14].

We also have to mention the development of percutaneous and minimally invasive
suture techniques: Ma & Griffiths, Webb & Bannister, Carmont & Maffulli, Assal &
Achillon, and the Tenolig prosthesis [10, 15, 16]. Percutaneous procedures have the
advantage of respecting the skin layer, already affected by trauma, avoiding local skin
and subcutaneous complications. This results in a lower risk of scar dehiscence and local
infections. Furthermore, percutaneous and minimally invasive procedures have a greater
respect for the site of rupture, which, similarly to fractures, is not directly exposed to
the surgical insult. On the other hand, the lack of exposure of the rupture site does not
allow for the evaluation of the state of the tendon stumps, their vitality, the quality of the
peritenon, and its integrity. This may result in a failure of tenorrhaphy.

In the most recent years, Achilles tendon reconstruction has given new solutions to
the problems that have been discussed so far [17]. Artificial ligaments seem to represent a
suitable option to reinforce injured tendons as well as to obtain fast functional recovery.

Moreover, artificial ligaments should represent a sort of scaffold for biological
regeneration. Follow-up through iz vivo histological study shows within the structure of
the implanted LARS, a new fibrovascular growth but also chronic inflammatory factors
presence. The entity of its regeneration potential is still a matter of debate [18, 19].
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Flaps reversed/advancement/reinforcement

* V-Y advancement flap (Abraham, Pankovich)

* Proximal reversed flap (Bosworth)

* Plantar gracilis tendon reinforcement (Chigot-Garnier)

Tendon transfer

* Peroneus brevis tendon (Teuffer, Turco, Spinella)

* Flexor longus hallucis tendon (Wapner)

Free tissue transfer (AUTOGRAFT, ALLOGRAFT, XENOGRAFT)

* Fascia lata (Bugg, Boyd)

* Gracilis tendon (Maffulli)

¢ Semitendinousus tendon (Sarzaeem)

* Extracellular Matrix Xenograft (e.g., xenogenic collagen matrix)

* Growth factor addiction: Platelet-rich plasma (PRP), lipoaspirated adipose tissue (e.g., Lipogems)

Percutaneous and Minimally invasive suture techniques

e Ma & Griffiths

¢ Webb & Bannister

e Carmont & Maffulli

e Assal & Achillon

* Tenolig prosthesis

* PARS Achilles jig system

Artificial ligaments

* Poli-tape

* LARS

* Dacron patch

¢ Marlex mesh

* Carbon-fiber implants

Table 2.
Achilles tendon salvage procedures.

3. Ligament advanced reinforcement system (L.A.R.S.)

The Ligament Augmentation and Reconstruction System or Ligament Advanced
Reinforcement System (L.A.R.S.) is made of a nonabsorbable polyethylene tere-
phthalate (PET), treated with a technology meant to reduce reactive phlogosis and
keep a high resistance capacity under traction [4, 18, 20].

LARS ligaments can withstand forces between 2700 N and 5000 N.

Previous synthetic ligaments have faced a high incidence of synovitis and chronic
inflammation due to wear and cyclic stress, which causes a release of pro-inflamma-
tory microparticles [21].

LARS for Achilles tendon reconstruction consists of three sections:

* Muscular-tendon joint section (inverse warp knitted fibers in flat section)
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* Intra-tendinous section (free longitudinal fibers in a circular section)
* Intra-osseous section (inverse warp knitted fibers in a circular section)

From the histologic point of view, free orientation of the longitudinal fibers and its
porosity facilitate the adherence and ingrowth of osteoblasts, fibroblasts and teno-
cytes. These features promote better resistance to fatigue during flexion and exten-
sion. Newly formed collagen gradually overtake the synthetic ligament, improving
biocompatibility [21].

LARS has historically been a surgical strategy in chronic injuries as re-ruptures,
treatment of previously operated Achilles tendons, and inveterate injuries with
stumps diastasis.

Examining acute injury, it is common to observe degenerated tissue, which is
the real cause of the rupture. Tendon tissue deficit higher than 3 cm is commonly
considered a risk factor for re-ruptures according to the classification of Kuwada
(Table1).

LARS ligament repair of acute Achilles tendon ruptures provides a reliable and
effective technique for repair, with survivorship data to more than 10 years. It
eliminates the need for graft harvesting, decreases postoperative complications,
but most importantly, patients have improved functional outcomes. Also, patients
with acute bilateral tendon ruptures treated with LARS benefit from shorter
recovery time and rehabilitation time compared to patients treated with tradi-
tional surgery [22].

As we will learn in the next paragraph, this surgical technique involves an anchor-
age of the artificial ligament at the level of myotendinous junction. If this area
appears to be injured and compromised, LARS is absolutely contraindicated.

4.L.A.R.S. Surgical technique

Prior to LARS implant and tendon repair, the Achilles tendon has to be examined
through the usual access technique for injury assessment. We usually perform a
postero-medial approach, with minimal medial deviation from the midline to pre-
serve the sural nerve (Figure 2).

Although experienced orthopedic surgeons can easily learn the LARS technique, it
is recommended to initially perform some implants with the open technique and later,
to use LARS with minimally invasive technique. The minimally invasive technique
requires three mini-incisions form proximal to distal: at the myotendinous junction,
the Achilles tendon rupture site and its distal calcaneal insertion.

First of all, it is essential to identify and preserve the peritenon at the rupture site,
then it is necessary to prepare the tendon stumps by removing the nonviable tissue
(Figure 3).

After tendon injury evaluation, the middle part of the myotendinous junction
must be identified. The key point to avoid failure is a good proximal LARS fixation.

A longitudinal incision of less than 1 cm is made in the median part of the myo-
tendinous junction. Through a special curved tube, the artificial graft, appropriately
oriented, is inserted inside the proximal tendon. In this way, the LARS is positioned in
the central part of the tendon, completely covered by the proximal stump (Figure 4).
We would like to underline that it is also really important for the LARS to maintain its
central position, where free tendon fibers are present at the injury level.

29



Comprehensive Overview of Foot and Ankle Trauma — Diagnosis, Treatment, Sequels...

Figure 2.
Postero-medial approach: minimal medial deviation to vespect sural nerve.

Figure 3.
Debridement and cleaning of tendon rupture site, the distal tendon stump is poorly represented.

The flat proximal LARS portion is sutured at the myotendinous level. We use
absorbable sutures in polyglactin (continues Lembert sutures and Lock-stitch
sutures). Secondly, the myotendinous tissue is sutured to cover the LARS (Figure 5).

It is of primary importance to cover the entire proximal LARS with myotendi-
nous tissue to avoid microtraumas or friction of the LARS on the overlying layers.
This allows the prevention secondary inflammation of the fascia, subcutaneous
tissue and skin.
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Figure 4.
Proximal insertion of the LARS at the myotendinous junction.

Figure 5.
Myotendinous junction covers proximal LARS insertion.

The next step is to prepare the distal end for LARS implantation.

We identify and prepare the postero-superior calcaneal tuberosity, respecting the
periosteum, the distal stump, and the distal insertion of the Achilles tendon. Using
a dedicated Kirschner wire with a proximal metal loop, we determine an angle of
approximately 50°. This is the angulation that we want to give to the insertion of the
LARS at the calcaneal level. The K-wire passing through the calcaneal bone perforates
the heel plantarly (Figure 6).

We verify the correct positioning of the K-wire by intraoperative x-ray. Then,
using this wire, the preparation of the half-tunnel is performed with an appropriate
reamer (Figure7).

The distal cylindrical LARS portion is prepared with two non-absorbable high
resistance threads, which are passed inside the K-wire proximal hole, then the K-wire
is extracted plantarly by means of a motorized drill. In this way, LARS is guided inside
the distal tunnel. By pulling the threads that come out of the heel skin, it is possible to
decide the correct tension to give to the LARS. It is suggested to position it and then
fix it with the foot in slight equinus (max 20°). Intraoperatively, we perform the first
tests with equinus/pronation stress, dorsal-plantar flexion of the foot, and compari-
son with the contralateral tendon to verify the correct rate of tendon tension and the
good seal of the proximal LARS sutures.
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Figure 6.
K-wire insertion through calcaneal bone (posterior and medial observation point).

Figure7.
Half-tunnel reaming.

Maintaining the chosen position of the tendon and foot, an interference screw
distally locks the LARS implant. We verify the correct positioning of the screw by
intraoperative x-ray (Figure 8).

In the end, the threads that emerge from the heel are cut close to the skin with light
pressure, so that after cutting, the threads migrate under the subcutaneous tissue and
do not create discomfort during load on the heel. Recently, to minimize this possibil-
ity, we replaced the high resistance non-re-absorbable threads with re-absorbable
threads in polyglactin to prepare the distal LARS.
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Figure 8.
Interference screw positioning and x-ray intraoperative control.

Figure 9.
Tendon stumps sutures (vight) and peritenon suture (left). Distal median mini-incision for K-wire positioning is visible.

Last, but not least, at the site of the tendon lesion we perform, where possible,
a Krachow suture or an end-to-end suture of the residual tendon fibers to cover the
LARS and maximize the biological recovery capacity of the tendon. For this reason, it
is also really important to carefully suture the peritenon, where is possible.

Finally, surgical access is carefully sutured (Figure 9).

5. Postoperative program

Postoperative treatment in our team has reached the best performance with the
following indications:

* Weekly wound dressing in orthopedic clinic for 3 weeks (until sutures are
removed)

* First and second week: 90° ankle walker boot (even during night) without load

¢ Third and fourth week: Start rehabilitation with removal of the Walker Boot for
20 minutes, 4 times a day for active mobilization without load; removal of the
Walker boot during night
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* Fifth week: Start of free load (depending on pain), if necessary for the patient,
with the initial use of crutches

¢ From the sixth week: Gradual restart of sports activity

Technically, LARS allows the patient to walk from the first postoperative day [22],
but we believe that a better result comes from the association of LARS and biological
response. The second one requires more time, so our strategy promotes both repair
approaches. We also obtained a better management of the surgical wound with
weekly dressing performed only by specialized personnel.

6. Discussion

Rupture of the Achilles tendon is a considerable cause of morbidity, with an
incidence of 18 per 100,000, and has been shown to be increasing [10].

In the literature, regardless of treatment, is reported that major functional deficits
persist 2 years after acute Achilles tendon rupture and only 50-60% of elite sports-
men return to pre-injury levels following rupture [17, 18, 23].

Meta-analyses have shown that nonoperative management has an increased risk
of re-rupture. Nonoperative risk of re-rupture 40% versus operative risk 5%. Surgical
intervention has risks of complications related to the wound and iatrogenic nerve
injury.

Minimally invasive surgery has been adopted to reduce these complications, and
it seems to be particularly effective on superficial and deep wound infection rates.
Table 3 shows the major surgical complications [10, 24-30].

The authors’ group treated with LARS 200 patients in 17 years (from 01/01/2008
to 01/03/2025). The age of patients who present this kind of lesion is increasing [25].
In their study group, the average age is 57 years range 31-79, with different comorbid-
ities and functional requests. In this heterogeneity, the choice of treatment decided by
the surgeon is fundamental. It is based not only on the biological age but also on the

Surgical complications reported in literature Percentage (%)

Foreign body rejection Rare, no percentage available

Wound recovery delay—dehiscence 6

Superficial wound infection 4

Deep wound infection 1.8

Low tolerance of the calcaneal screw (LARS system) 0.3

Calcaneal algodistrofia 0.2

Re-rupture 2

Nerve and vascular injuries 34

Chronic calcaneal and ankle pain 3.8

Achilles Tendon stiffness 7

Deep vein thrombosis 0.2
Table 3.

Surgical complications in Achilles tendon primary reconstruction.
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functional requests of the patient and on the real repair potential without augmenta-
tions, which is often evident only in the operating room.

In their experience, treatment of Achilles tendon with LARS delivers good clini-
cal results, with very low surgical complication rates in chronic and acute injuries.
Calcaneal screw removal due to intolerance (0.5%), proximal re-rupture (1%), local
superficial infection (3%), and wounds recovery delay (4%). In the LARS technique,
re-ruptures usually are due to failure of the proximal suture LARS-myotendinous
junction.

Other studies have reported that reconstruction with LARS decreases postopera-
tive complications, but most importantly, patients have improved functional out-
comes [22, 31].

All the outcomes were significantly correlated with patient global satisfaction.

The American Orthopedic Foot Ankle Society (AOFAS) scores were satisfactory
in their patient group, with an average score of 85/100, but Achilles-tendon-specific
problems, such as decreased jumping ability and muscle atrophy, have not been
taken into consideration in the AOFAS score. This score seems not to be so reliable in
athletes [32]. In young patients, acute Achilles tendon ruptures mainly occur in sports
like soccer and basketball, which are popular sports in Italy. The goal of treatment is a
return to play at the pre-injury level.

The authors interviewed the group of patients treated with LARS reconstruction
who practiced sport at a precompetitive and competitive level (n = 12) and eight of
them stated they returned to play at the same level as before surgery, in an average time
of 7 months after injury. Rehabilitation plays a key role in this type of patients; the
other four patients reduce sport activity to a non-competitive level [33]. Reconstruction
with the LARS technique seems to have better results compared to most of the other
techniques for this specific kind of patient. The recovery of functional capacity could
be explained by that the augmented repair was stable enough to allow an accelerated
functional rehabilitation protocol with early weight-bearing and range of motion.

All other patients in the study, with lower functional requests (n = 188), returned
to work or to their level of activity before injury at an average of 20 weeks.

Low re-rupture rate is a prerequisite for any reliable surgical technique. In the
authors’ study re-rupture rate of the Achilles tendon with LARS augment was less
than 2%. Although good clinical results have been reported with other techniques,
long-lasting functional deficits such as reduced plantar flexion strength, increased
tendon stiffness, and sural nerve deficit may occur. None of the complications just
mentioned occurred in the authors’ study.

Wound irritation and superficial wound infections are common complications
after tendon reconstruction if LARS is anchored too superficially in the proximal part
and does not entirely cover by myotendinous junction.

These data are comparable to the complication rate of most reviews about mini-
mally invasive and percutaneous reconstruction techniques [10, 27].

There are few reports of the use of various synthetic materials to augment the
repair of acute AT rupture, such as Dacron vascular graft, Polypropylene (PP) braid,
and polyethylene mesh. The biomechanical advantages of synthetic graft augmenta-
tion have been demonstrated in laboratory studies, including decreasing gapping and
increasing repair construct stiffness and ultimate failure load [23].

Based on the authors’ experience, no difference was found in the timing of surgery
in acute trauma. Patients operated after 5 days had the same outcomes as those who
underwent immediate surgery within the first 48 hours of trauma. In timing decision,
the evaluation of trauma-related skin swelling and tension is fundamental.
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Finally, we can state that primary repair with Ligament Augmentation and
Reconstruction System (LARS) provides a reliable technique, even in young patients
with high functional demands. It eliminates the need for graft harvesting and reduces
complications such as re-rupture and those related to immobilization. After acquiring
good practice with LARS implants in open surgery (we suggest at least 10 interven-
tions), it is possible to associate the LARS technique with minimally invasive surgery
(3 mini-incisions, as previously described), thus also reducing complications related
to wound management. The LARS technique, combined with an early rehabilitation
program, improves functional outcomes.
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Abstract

The combination of neuropathy, vasculopathy, and impaired bone repair
makes ankle fractures in people with diabetes mellitus a serious clinical concern.
Complications, including infection, nonunion, Charcot neuroarthropathy, and even
amputation, are more likely to occur in these individuals. This chapter analyses the
biochemical and physiological impacts of diabetes on bone health and recovery,
reviews specific assessment and evaluation methods for affected patients, and
delineates both nonsurgical and surgical treatment alternatives. This study evaluates
various surgical techniques, including standard, trans-syndesmotic, transarticular,
hybrid fixation, and primary arthrodesis, within the framework of diabetic condi-
tions. The significance of selecting a suitable fixation technique, evaluating vascular
health, and utilising a multidisciplinary approach is highlighted. In addition, this
chapter discusses complications such as Charcot arthropathy, fixation failure, and
infection. The objective is to provide orthopaedic surgeons and clinicians with a prac-
tical, evidence-based guide for the effective management of diabetic ankle fractures.

Keywords: diabetic ankle fractures, diabetes mellitus, peripheral neuropathy,
surgical management, pathophysiology, complications

1. Introduction

AnKkle fractures are a common type of orthopaedic injury, and the incidence is
increasing in the elderly population due to increased life expectancy [1].

Diabetic patients make up about 12% of all ankle fracture cases, and manage-
ment of this group is of interest due to complications and cost to overall healthcare.
Diabetes mellitus is a chronic metabolic disorder characterised by hyperglycaemia,
either due to the pancreas’s inability to produce enough insulin due to autoimmune
causes (type 1) or the body’s acquired resistance to insulin (type 2) [2].

Diabetes is associated with an increased risk of fractures and bone health; fragility
fractures affect different age groups depending on the type of diabetes, disease duration
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and presence of other comorbidities. Many of these patients also have other comorbidi-
ties like peripheral vascular disease and diabetic neuropathy, which adds to the chal-
lenge after an ankle fracture [3].

Impaired wound healing and subsequent infection can complicate the decision
to operate. However, conservative management carries the risk of loss of reduction,
impaired fracture healing, and further complications. Both operative and nonop-
erative management in diabetic patients can increase the risk of Charcot neuroar-
thropathy and joint destruction, bone loss and deformity. Managing complications of
diabetic ankle fractures not only puts an additional burden on healthcare resources
but also affects the quality of life and well-being of the patient [4, 5].

Patients with diabetes mellitus, particularly those with diabetes-related comor-
bidities, might have serious consequences from foot and ankle fractures. Patients with
diabetes mellitus had 7.4 times greater risk of amputation following ankle fracture
surgery compared to a nondiabetic patients [6, 7].

2. Biochemical effects of diabetes on bone

Type 1 and type 2 diabetes have several common traits influencing bone health.
This includes high blood glucose levels and the increased synthesis of compounds
such as advanced glycation end products (AGEs), reactive oxygen species (ROS), and
inflammatory mediators. These factors work together to increase osteoclast activity
while reducing osteoblast production and bone growth, resulting in an increased risk
of fractures and compromised fracture healing [4, 8]. Hyperglycemia, inflamma-
tion, advanced glycation end products (AGEs), and reactive oxygen species (ROS)
are variables that several studies suggest affect the differentiation of osteoclasts and
osteoblasts, which are essential for bone remodelling [4, 9].

Chronic hyperglycemia elevates blood viscosity, impairing red blood cells’ oxygen
transport capacity. It also influences nitric oxide, an antioxidant and neurotransmit-
ter, and results in microvascular complications [4, 10].

Diabetes mellitus and associated hyperglycemia may lead to consequences includ-
ing neuropathy, retinopathy, nephropathy, and cardiovascular impairment [4, 9].

3. Pathophysiology: Diabetic neuropathy

Peripheral neuropathy is a common and serious consequence in patients with
diabetes, affecting up to 50% of those who may experience sensory impairments,
including paraesthesia and loss of protective feeling, over their lives. This disorder is
more common in patients over 60 years of age, who are at an increased risk for ankle
fractures. Lack of protective sensation significantly raises the prevalence of undetect-
able damage, ulceration, and severe infection [11-13].

Further impairing motor and autonomic systems in diabetic neuropathy, which
reduces balance, increases fall risk and raises fracture rates [4, 11].

Chronic hyperglycemia and dyslipidemia pathophysiologically generate
oxidative stress via inflammatory pathways and excessive reactive oxygen spe-
cies (ROS), resulting in direct neuronal damage and microvascular ischaemia.
Reduced sodium-potassium pump function decreases nerve conduction velocity
and neuronal excitability [4, 11].
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The buildup of advanced glycation end products diminishes neurotrophic support,
whereas vascular impairment intensifies progressive nerve damage [4, 11].

4. Diabetic vasculopathy

Diabetes affects the macro and microvascular systems, leading to decreased
angiogenesis and peripheral arterial disease. Reduced oxygen supply, local tissue
ischaemia and poor wound healing environment follow these changes in blood
vessels. Advanced glycation end products (AGEs), impaired fibroblast activity, poor
collagen synthesis, and increased vascular calcification explain delayed healing and
a higher risk of postoperative complications. Preoperative vascular assessment is key
in diabetic patients with ankle fractures to guide surgical planning and minimise
complications [4, 10, 14].

5. Differences between complicated and uncomplicated diabetes

Addressing fractures and dislocations of the foot and ankle requires an aware-
ness of the differences between individuals with uncomplicated and complicated
diabetes. For this review, complicated diabetes is defined as “end organ damage,
which includes patients with neuropathy, peripheral vascular disease, and/or chronic
kidney disease [6, 15].

Peripheral neuropathy in diabetic people points to tissue and organ damage,
therefore indicating extended suboptimal glycaemic management. Managing foot
and ankle fractures in patients with complicated diabetes mellitus poses difficulties as
surgical operations increase the risk of poor wound healing, delayed fracture repair,
malunion, infection, and the requirement of revision surgery [4, 16].

6. Assessment and evaluation
6.1 History taking

The initial assessment and evaluation of foot and ankle fractures in patients with
diabetes mellitus (DM) begins with a comprehensive history of the mechanism of
injury and the time elapsed since the injury occurred. Of those with diabetes, 39%
had osteoporosis, and 74% had bone density below osteopenia. A low-energy mecha-
nism with a complex fracture pattern may indicate poor bone quality. The timing of
injury and duration of diabetes are important factors [17, 18].

The absence of pain and the ability to walk on a fractured foot or ankle may
indicate peripheral neuropathy that delays proper treatment and presentation.
Additionally, Patients with less sensation may continue walking on the injured leg,
worsening the fracture and causing further soft tissue injury [15, 17].

Given that they increase the risk of complications, the history should also include
questions about comorbidities, as 89% of patients with diabetes have at least one
comorbidity, and 15% have four or more. Other questions should include the history
of ulcers, amputations, or infections, smoking, insulin or other medication use, and
use of mobility aids before the accident [17, 19].
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6.2 Physical examination

Comprehensive physical examinations should cover thorough evaluations of the
dermatological, circulatory, neurological, and musculoskeletal systems. Carefully
assessment for wounds can help rule out open fractures [17, 20]. It is vital to look for
changes in skin colour, temperature fluctuations, or any bony prominences upon
palpation to rule out the possibility of starting skin necrosis. Moreover, the presence
of tense compartments or fracture blisters would imply that the extremity is not yet
ready for surgical fixation [17].

Assessing peripheral neuropathy requires a comprehensive neurological examina-
tion of the foot and ankle. Patients are asked if they experience tingling, numbness, or
a sensation of insects crawling on their skin. Autonomic dysfunction is suspected in
individuals with dry, cracked, and hyperaemic skin. Motor dysfunction with intrinsic
muscle atrophy can present as toe clawing. Loss of vibratory sense, pinprick sense,
proprioception or absence of deep tendon reflexes at the ankle may indicate neuropa-
thy, which can be hard to assess in cases of fracture [17, 21, 22].

A nerve conduction study is the gold standard for diagnosing peripheral neuropa-
thy; however, a 5.07 (10-g) Semmes-Weinstein monofilament is the accepted method
for testing loss of protective sensation. This simple test has a sensitivity of 91% and a
specificity of 86%, respectively [23]. Testing at least four plantar locations improves
these numbers: great toe, first metatarsal head, third metatarsal head and fifth
metatarsal head [21].

The physical exam should include a vascular evaluation. This is significant as
peripheral arterial disease (PAD) presents more than 40% of people with
diabetes [17].

Visual clues pointing to peripheral artery disease(PAD) include dependent rubor,
pallor with elevation of the extremities, dystrophic toenails, and hair loss [17].

The dorsal pedis, posterior tibial, and popliteal arteries should be palpated and
then compared with the contralateral side. If pulses are still missing or weak follow-
ing a reduction in the dislocation or improvement of the fracture alignment, Doppler
ultrasound can help locate the vessels [15].

Palpable pedal pulses may not rule out PAD in individuals with diabetes and
neuropathy; additionally, these patients may not show the usual PAD symptoms,
including claudication [24].

While additional diagnostic testing should be done in individuals with abnormal
vascular findings, it should not postpone the treatment of unstable fractures that
need urgent reduction of fractures and dislocations [15, 17].

The ankle-brachial index (ABI) is often touted as a more sensitive and noninvasive
assessment of a patient’s vascular condition than other tests. It is considered normal
when the value is between 0.91 and 1.3. An ABI greater than 1.3 denotes poor arterial
compressibility; an ABI of 1.1 or greater may indicate arterial calcification in individ-
uals with diabetes. Another method for evaluating tissue perfusion is transcutaneous
oximetry (TcPO2) [15, 17, 25].

In patients with acute fractures, measuring the ankle-brachial index (ABI),
toe-brachial index (TBI), and absolute toe pressure, as well as examining arte-
rial waveforms, may not be possible or practicable; thus, further testing may be
required [15, 25].

Patients with displaced foot and ankle fractures with dislocation are not unusual
to have absent or reduced pulse. An immediate closed reduction should be performed,
and the pulses should be reassessed; usually, this results in improved perfusion [15].
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7.Radiologic and laboratory evaluations

Radiologic assessment should start with the standard anteroposterior (AP),
lateral, and mortise views of the ankle joint. Additionally, X-rays of the foot may be
conducted to check for any foot injuries [15, 17].

When an injury is suspected but not visible on X-rays, computed tomography
(CT) can offer further insight. CT is also beneficial for planning surgery in cases of
complex fracture patterns or injuries, particularly those involving intraarticular and
periarticular damage [15, 17].

Magnetic resonance imaging (MRI) helps identify bone injuries that are not visible
on plain films and in diagnosing injuries to ligaments, tendons, and cartilage. MRI can
detect bone marrow oedema and stress injuries that might precede Charcot neuroar-
thropathy [15, 26].

In addition to the standard preoperative laboratory studies, every patient should
have their glycaemic haemoglobin Alc (HbA1lc) levels evaluated. A higher risk of
complications and more extended hospital stays have been associated with levels over
6.5. Patients with HbA1lc levels above eight have a 2.5 times higher risk of infections
and poor surgical results. Although high HbAlc results should not halt surgery, they
can help with postoperative diabetes control [17, 20].

As red blood cells have a shorter lifetime, HbAlc may not accurately reflect
glycemic management for individuals undergoing frequent dialysis for chronic renal
disease. In these situations, glycemic albumin or fructosamine levels may be used as
alternative markers [27, 28].

Preoperative albumin levels can be evaluated. Low levels of serum albumin might
indicate malnutrition, which can be a predictor of developing postoperative compli-
cations [17, 29].

A multidisciplinary diabetic team approach is advised, particularly in patients
with complicated diabetes, as handling these medical problems goes beyond the
knowledge of trauma and orthopaedic surgeons [27].

8. Fracture management

For ankle fractures, whether treated nonoperatively or operatively, the primary goals
are to achieve a stable foot and ankle, restore function, and minimise complications [30].

Generally, uncomplicated diabetics who get an ankle fracture can be treated simi-
larly to those without diabetes [30]. Before starting treatment, it is essential to have
a thorough conversation with the patient about the management plan, including the
potential need for additional nonoperative treatments to ensure sufficient healing and
the possibility of nonweight-bearing and prolonged immobilisation. These additional
treatments may include calcium, vitamin D, and protein supplements, as well as
walking aids, wheelchairs, and devices such as a Charcot Restraint Orthotic Walker
(CROW) boot. The management plan can be tailored to the patient’s physiological
condition and the injury pattern [17].

9. Nonoperative treatment

Nonoperative management can be controversial due to concerns about displace-
ment. However, these patients can be managed successfully in specific indications.

45



Comprehensive Overview of Foot and Ankle Trauma — Diagnosis, Treatment, Sequels...

Isolated Malleolar fractures without instability, confirmed by the fracture pattern
and/or gravity stress radiographs, can be treated nonoperatively [27].

Treatment consists of closed contact casting and weight-bearing restriction until
fracture healing is observed. After the casting period, patients are placed in a period of
protected weight-bearing using a brace or boot for an additional 2-3 months [17, 27].

This management requires close observation and serial radiological assessment,
especially in the early period, to monitor skin and soft tissue integrity and to detect
subtle displacement. Patient compliance is key to this strategy. The treating surgeon
should also be prepared to switch to another management plan if early complications
arise that indicate nonoperative management is failing [17, 27].

There is limited research on the nonsurgical treatment of diabetic ankle fractures.
Most existing studies involve a small number of patients and typically focus on
nonsurgical methods as alternatives to surgical intervention. Complications noted in
these studies include malunion due to the loss of initial reduction, nonunion, infec-
tions, and the formation of ulcers. Factors that increase the risk of complications
include infrequent patient visits, early weight bearing, noncompliance, prolonged
diabetes duration, neuropathy, insulin dependence, and a history of Charcot neuroar-
thropathy [5, 17, 27].

In a retrospective analysis spanning five years, Raheman et al. (2024) compared
the outcomes of diabetic patients with ankle fractures treated conservatively versus
surgically. Diabetic individuals reportedly had higher complication rates compared
to nondiabetic ones. The incidence of complications under surgical and conservative
treatment was almost the same. They concluded that nonoperative management might
be suitable for some diabetic patients, especially those with multiple comorbidities [31].

10. Operative management

For closed, displaced ankle fractures, the initial step involves performing a closed
reduction followed by splinting. If splinting fails to achieve and maintain bone stabil-
ity or if there is a risk to the skin, a spanning external fixator may be used as an initial
reduction measure. The first step in management should include elevating the injured
limb on a frame or pillow to help reduce swelling. Monitoring injury-related swell-
ing through clinical assessment is crucial for determining the appropriate timing for
surgery when the soft tissues are ready [15, 32].

In cases of highly unstable fractures, reduction may be lost even with plaster
backslabs, often due to swelling that does not improve with elevation or rest. When
uncertain, it is essential to promptly assess the fracture position using suitable
sequential imaging techniques in the backslab. An external fixator can be applied if
the reduction is lost while allowing soft tissue swelling to subside before definitive
surgical fixation is performed [15, 27].

Immediate open reduction and internal fixation (ORIF) is feasible if done before
acute swelling begins. Otherwise, a waiting period of 7-10 days is generally necessary
for postinjury swelling to decrease sufficiently for surgical intervention. This is indi-
cated by reduced skin turgor and the appearance of skin wrinkles over the planned
surgical incision sites [15, 27].

Displaced, unstable ankle fractures are optimally treated with ORIF, which
involves careful handling of soft tissue, precise reduction of the articular surfaces,
stable fixation of intraarticular fragments, and the use of suitable hardware to ensure
the stability of the construct [27, 32].
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11. Biological and mechanical aspects of fixation

In surgical treatments for diabetic foot and ankle fractures, fixation decisions must
take into account two primary considerations: mechanical and biological. Local blood
flow must be preserved, particularly in individuals with diabetes, where healing may
be delayed [33].

Surgical techniques must be meticulously selected to preserve the soft tissue
envelope surrounding the bone. More recent ideas, such as superconstructs, have been
proposed to solve the problems with diabetic bone quality. These constructs provide
additional stability by extending beyond the injured area.

Surgeons must choose between internal and external fixation. Every kind has ben-
efits and drawbacks. Bone stability has been improved recently by developments in
methods for applying external fixators—especially multiplanar and circular external
fixators. Although external fixation maximises blood flow, it may not give as osseous
stability as internal fixation. Alternatively, rigid stability is achieved by using screws
and rigid compressive plates. It could, however, compromise the surrounding soft
tissues and have negative consequences on the blood flow in the area [33].

Locking plates function as an “internal-external fixator,” offering stability by
maintaining a fixed angle between the screw and plate. The locking mechanism
between the plate and screw head prevents movement and loosening, which can occur
in osteoporotic bones. Current plate applications offer the biomechanical advantages
of locking plates combined with the benefits of compression plate fixation [33].

The selection of fixation should be customised to every patient as it depends on
various elements. Surgeons should have a strong awareness of the pathophysiol-
ogy of the individual disease condition as well as of general fixation concepts. The
surgeon should assess the pattern of the fracture, take into account the soft tissue
envelope around it, and be aware of the possibility of Charcot neuroarthropathy
development [33].

12. Surgical management procedures

There are five surgical techniques to manage diabetic ankle fractures: standard,
trans-syndesmotic, circular external fixation, transarticular, and hybrid or a combi-
nation of these [17].

Standard fixation is suitable for patients with HbAlc < 7.0, BMI < 30, who can feel
a 5.07 or smaller Semmes-Weinstein monofilament, have palpable pulses, nonosteo-
porotic bone, and no signs of autonomic dysfunction. This technique may involve
small fragment fixation with a lag screw and plate for the fibula and cancellous screws
for the medial malleolus [17, 32].

When installing hardware, a direct lateral incision with lateral plate applica-
tion may increase lateral ankle volume, leaving insufficient tissue for closure. Even
if closure is achieved, the combination of hardware under the skin and a splint or
immobiliser above may cause incision necrosis and breakdown. An incision along
the posterior border of the fibula or a traditional posterolateral approach is better,
as it allows better skin mobility and hardware accommodation [32]. This approach
also allows posterolateral fibula fixation, which cadaver studies have shown to be a
stronger construct for supination and external rotation fractures compared to lateral
locking plates [34]. Additionally, this incision also allows multi-layer closure over the
hardware [32].
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These patients may still require nonweight-bearing postoperatively for an
extended period [32].

For patients who are not suitable for standard fixation techniques, three alterna-
tive methods are available. These approaches differ from traditional methods of ankle
fixation, however still they are designed to preserve the anatomical mortise and
reduce the likelihood of fixation failure before sufficient healing, which could result
in a Charcot joint. Alongside extended immobilisation and nonweight-bearing, the
surgical principles for these techniques involve using long, rigid locking plates with
long bicortical or quadricortical screw placement, employing additional fixation, and
considering bone grafting [17, 32].

The trans-syndesmotic fixation method stabilises the fibular fixation using the
tibia. This technique involves restoring the fibula to its proper length, reducing
the fracture, and attaching a 10-hole 3.5-mm or larger locking plate to the fibula. The
surgeon then places as many quadricortical (crossing four cortices) locking screws as
possible through the fibula into the tibia [17, 25].

Nwoko and colleagues recently noted challenges in reducing fibular fractures
in diabetic ankle fractures due to glycation of the peroneal tendons and performed
peroneal tendon lengthening as an additional procedure to assist in reducing the
lateral malleolus [35].

The benefit of using a locking plate is its angular stability, which enhances its
load-bearing capacity, making the locking plates four times stronger than load-
sharing constructs. This means that for fixation failure to occur, all fixation points
must fail, unlike the loosening of individual screws seen with traditional compression
plating techniques. The fibula pro-tibial construct leverages the combined pullout
strength of locking screws to create a biomechanically stronger construct. Using a
fibula pro-tibial construct also ensures that the fixation is not as rigid as nonlocking
tetracortical fixation and allows for some syndesmosis micro-movement. Therefore,
removal before the patient begins weight-bearing is unnecessary [17, 36]. To complete
the ankle fixation, long 4.0-mm bicortical screws can be used to stabilise the medial
and posterior malleolar fractures. This construct enhances fixation stiffness without
solely relying on the purchase of screws in the fibula. Although there is concern that
this technique may alter the biomechanics of the syndesmosis, this has not been clini-
cally demonstrated [20, 25].

The risk associated with these larger, more rigid fixation techniques is that bulky
hardware may need to be removed if it becomes prominent or if wound dehiscence
occurs [25].

Additionally, if medial cancellous screw fixation does not achieve stable fixation,
these screws can be advanced obliquely into the tibial far cortex. A tension band wir-
ing or plating technique may be used to enhance the medial fixation [25].

For unstable fractures or fracture dislocations, additional external and internal
fixation methods may be used. The transarticular fixation can be done in two ways.
Firstly, the patient is managed with standard reduction methods, and two or three
large, smooth Steinmann pins are inserted antegrade or retrograde through the tibia,
talus and calcaneus. Despite being an older method, it can help stabilise fixation
when tibiotalar instability is a concern. This will cause some stiffness in the ankle and
hindfoot, but the benefit is that it does not rely solely on standard fixation to maintain
reduction [12, 17].

Transarticular fixation of subtalar and tibiotalar joints can be done independently
or with traditional internal fixation or external fixation. Commonly, Smooth 1/8- or
5/32-inch axial Steinmann pins are inserted retrograde through the plantar surface
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of the calcaneus, engaging the distal tibial cortex to prevent upward movement. The
pins are cut short under the skin, and a tamp is used to drive them deep enough to
avoid protrusion on the plantar surface and subsequent ulceration. The pins are usu-
ally removed after 3-4 months. If there is an Achilles tendon contracture, a percuta-
neous triple-step tendon lengthening can be considered [25].

The other way is to use a retrograde tibial talar calcaneal intramedullary nail.
While some calcification or fusion of the ankle or subtalar joints may occur, the dif-
ference between this method and arthrodesis is that neither the subtalar nor the ankle
joint is exposed and prepared as in a formal arthrodesis [17].

Retrograde tibiotalocalcaneal (TTC) nailing, without careful joint preparation,
may be considered in diabetic patients with pilon or ankle fractures as a limb salvage
procedure. Schultz et al. (2025) analysed the outcomes of 25 diabetic patients who
underwent this procedure, reporting an 84% limb salvage rate and 72% preservation
of ambulation function [37].

The only two determinative factors regarding below-knee amputation (BKA)
identified were the patient’s HbAlc level and the Fracture-related Infection (FRI) [37].
These patients would gain from improved postoperative mobilisation and least

invasive soft tissue dissection, preserving the periosteal blood supply. Patients with
compromised wound healing or high infection rates will find these benefits very help-
ful. Therefore, the study found that TTC nailing without joint preparation provides

a less disruptive approach to solid bone fixation, which may save certain susceptible
patients from amputation despite concerns about potential complications [37].

The third method is a combined strategy. This combines the trans-syndesmotic
method with two to three large, smooth Steinman pins inserted either antegrade or
retrograde through the tibia, talus, and calcaneus. This gives excellent stability and is
helpful for acute diabetic ankle fractures that cannot be fixed with standard fixation,
especially in obese patients. Like other methods, the increased stiffness in the ankle
does not appear to pose a clinical problem, as walking will gradually restore move-
ment between the tibia and fibula. The Steinman pins in this combined approach can
be left in for a minimum of 2-3 months before removal [17].

13. External fixators

External fixators generally can provide stability without the need for bulky
internal hardware. An external fixator also eliminates the need for casting or splint-
ing, allowing for inspection of the skin and wounds. Supplementary external fixation
can remain in place for 6-12 weeks, provided the skin condition permits. Total contact
casting is recommended once the external fixator is removed. Protected weight
bearing is allowed only after radiographic evidence of fracture healing (usually at
12 weeks). This can be achieved with a total contact cast or a removable boot in com-
pliant patients. External fixation also increases patient compliance with nonweight-
bearing protocols [25].

The fixators can be circular or pin-and-bar external fixators. The decision to apply a
pin-and-bar external fixation device versus a circular ring fixator should be considered
carefully. The natural life of a pin-and-bar fixator in diabetic patients is 4-6 weeks.
Beyond that, the pins may be loose, leading to loss of fixation and potential infection.
Ilizarov-type external fixators are powerful devices that provide fracture stability in mul-
tiple planes while minimising soft tissue injury. They are used for more extended periods.
They are more amenable to fixator maintenance, such as wire or pin augmentation, pin
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swapping, or even the late addition of internal fixation while keeping the external fixator
in place. Additionally, olive wires, tensioning devices, and techniques can be used to aid
in fracture reduction. If definitive treatment with external fixation is needed, it is advis-
able to use a ring-type external fixator at the beginning of treatment [25, 32, 38].

14. Ankle arthrodesis

Ankle arthrodesis, traditionally a salvage procedure, has become a primary
procedure for some diabetic patients with acute ankle fractures. These patients
often have multiple comorbidities such as peripheral neuropathy, vasculopathy,
nephropathy or a history of Charcot arthropathy that makes conventional fixation
methods unreliable [39, 40].

Primary arthrodesis, primarily achieved through tibiotalocalcaneal (TTC)
fusion with hindfoot nails, provides immediate rigid stabilisation to prevent severe
complications, such as deep infections or limb loss. However, it has a high complica-
tion rate [40].

A retrospective case series conducted by Grote et al. (2020) involving 13 high-risk
diabetic patients who underwent arthrodesis. The study reported a complication
rate of over 75% with infections (38.5%), wound problems (53.8%) and amputations
(23.1%). Despite these figures, 89% of the patients healed, and patients had stable
ankles that tolerated asymptomatic nonunion at the fusion site. Therefore, ankle
arthrodesis can be considered a valuable option for diabetic patients with compro-
mised soft tissue [40].

15. Complications
15.1 Infection

A comprehensive multidisciplinary team approach that includes orthopaedic
surgeons, infectious disease specialists, endocrinologists, wound care experts, and
sometimes plastic surgeons is required to manage diabetic ankle fracture complica-
tions. In real-life scenarios, multiple complications may arise simultaneously that
require intervention, including osteomyelitis treatment, management of fixation
failure, and both wound healing difficulties and nonunion management. In cases of
infection, we first manage the infection before proceeding to definitive revision fixa-
tion using a staged approach [41].

Managing infections in patients is of a big concern, especially for those with
diabetes and ankle fractures who are more prone to both superficial and deep surgical
site infections [4].

Factors that increase the risk of infection include peripheral arterial disease,
neuropathy, long-standing diabetes, poor glucose control (HbAlc over 8), Charcot
joint, advanced age, obesity, a history of rheumatoid arthritis, previous ulcers, and
open fractures. Neuropathy is a significant risk factor because it impairs patients’
ability to detect infections, allowing even those not undergoing surgery to become
infected [17, 42, 43].

Frequent checkups may not completely prevent this complication, but they can
facilitate earlier intervention when infections are detected.
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In a retrospective review by Wukich et al. of 1000 foot and ankle surgery cases,
19% were diabetic patients. The study found that post-op infections were more com-
mon in the diabetic group. Diabetic patients were five times more likely to have severe
infections that required hospitalisation. Complicated diabetes increased the risk of
post-op infection 10-fold compared to nondiabetics and 6-fold compared to those
with uncomplicated diabetes. However, there was no significant increase in infec-
tion risk for those with uncomplicated diabetes compared to those without diabetes.
Therefore, we need to identify diabetic complications early and ensure that those
without complications adhere to their treatment plans [44].

Infections are often detected during cast changes. For superficial infections,
managing the issue may involve creating a window in the cast for local daily wound
care, oral antibiotics and weekly office visits. On the other hand, deep infections
require irrigation and debridement, at least 6 weeks of IV antibiotics, and removal
of loose implants. It is advisable to avoid taking a local swab of the area; instead, a
deep culture or bone biopsy may be necessary to identify organisms if osteomyelitis is
suspected. Once the infection is controlled, a local flap or free tissue transfer may be
needed if the wound cannot be closed secondarily. If there is a significant loss of bone
or articular surfaces after debridement, then ankle or double hindfoot arthrodesis
may be needed to salvage the limb. Finally, if the limb cannot be salvaged, amputation
may be necessary [17, 41].

15.2 Fixation failure

Fixation failure describes the early postoperative reduction loss occurring between
2 and 4 weeks without Charcot joint development. The combination of neuropathy in
patients, along with their inability to avoid putting weight on the affected limb and
inadequate initial fixation, can lead to this complication [17, 41].

The study by Shibuya et al. analysed variables related to nonunion and malunion,
as well as delayed bone healing, in 165 diabetic patients who underwent surgical
treatment for foot and ankle conditions. The research indicated that 25% of diabetic
patients exhibited bone healing complications that were statistically related to surgi-
cal duration, peripheral neuropathy, and HbAlc levels above 7% [45].

Bone healing complications demonstrated the highest correlation with peripheral
neuropathy among diabetic patients. Continuing conservative treatment for mis-
aligned limbs frequently encounters malunion, nonunion, contracture formation,
skin breakdown, and ulceration [45].

Combined surgical strategies, as described previously, can be used to address
failed fixation, depending on the timing relative to the condition of the soft tissue
envelope. When revision fixation cannot be performed, physicians might need to
perform ankle or double hindfoot arthrodesis to preserve the limb [4, 17, 41].

16. Charcot arthropathy

Charcot arthropathy represents a neurodegenerative bone disease that usually
appears in patients who suffer from advanced peripheral neuropathy caused by
diabetes. Researchers continue to debate the pathophysiological mechanisms of this
condition, with multiple theoretical frameworks presented in the scientific literature
[46, 47]. The contemporary scientific consensus suggests that aetiopathogenesis
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involves a complex interplay between repetitive microtraumatic events, dysregulation
of osseous metabolism, and sophisticated neurovascular alterations [46, 48].

Epidemiological data indicate that approximately 25-50% of affected individuals
present with antecedent foot or ankle trauma, necessitating a comprehensive evalua-
tion for Charcot arthropathy in all diabetic patients presenting with acute pedal and
ankle injuries [46, 47].

The clinical management of this condition presents significant challenges,
particularly when it develops after surgical intervention for ankle fractures, as it
frequently receives erroneous classification as an infectious pathology in instances
where a previously compliant patient who has undergone anatomical reduction of the
mortise experiences fixation failure. Charcot joint disease should be included in the
differential diagnosis. Acute exacerbations of Charcot arthropathy typically manifest
with pronounced oedema, localised hyperthermia, and erythematous changes,
which demonstrate considerable overlap with infectious processes. The diagnostic
complexity is further compounded by elevations in inflammatory biomarkers, which
demonstrate significant concordance with the patterns observed in acute infec-
tions. Differential diagnosis may be facilitated by the observation that erythematous
manifestations in acute Charcot arthropathy typically diminish upon elevation of the
affected extremity, despite otherwise similar clinical presentations [17, 46].

The therapeutic approach to these patients is frequently complicated by delayed
presentation featuring malunion, nonunion, and contractile deformities of the
extremities. When the affected extremity progresses to the subacute or chronic phase
of pathology, reconstructive intervention could be considered [17].

17. Conclusion

Diabetic patients are more complex to manage than nondiabetic patients with
ankle fractures. Neuropathy, vascular disease, and altered bone metabolism require
a thorough preoperative assessment and a tailored treatment plan to obtain the best
results. Mechanical stability while protecting soft tissue and vascular health is the key.
Where internal fixation may not be possible or safe, superconstructs, hybrid fixation,
or primary arthrodesis are valuable options, especially for complex diabetic patients.
Success depends on the early identification of comorbidities, careful planning, and
a team-based approach to postoperative care. Preventing infections and Charcot
joint disease requires vigilance, patient education, and regular follow-up. A patient-
centred and evidence-based approach will improve not only surgical outcomes but
also the quality of life and limb preservation in this high-risk group.
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Abstract

Matrix metalloproteinases (MMPs) play a crucial role in extracellular matrix
remodeling and wound healing. However, their dysregulation has been implicated in
the pathogenesis of diabetic foot ulcers (DFUs), a severe complication of diabetes mel-
litus. Excessive MMP activity in DFUs leads to chronic inflammation, delayed wound
healing, and tissue degradation by disrupting the balance between matrix deposition
and degradation. Among MMPs, MMP-2 and MMP-9 are particularly elevated in
chronic wounds, contributing to impaired angiogenesis and persistent infection.
Understanding the role of MMPs in DFU pathophysiology has driven research into
MMP inhibitors as potential therapeutic agents. Both natural and synthetic MMP
inhibitors have been explored for their wound-healing properties. Natural inhibitors,
including flavonoids, tannins, and polyphenols derived from medicinal plants, exhibit
MMP-modulating effects through anti-inflammatory and antioxidant mechanisms.
Synthetic inhibitors, such as hydroxamate-based compounds, have been developed
to selectively target MMP activity, though their clinical application remains limited
due to toxicity concerns. Recent advancements in nanotechnology and drug delivery
systems have enabled the development of novel MMP inhibitors with improved speci-
ficity and reduced side effects. Current research focuses on optimizing these inhibi-
tors to promote tissue regeneration while minimizing adverse effects. This review
highlights the pathophysiological role of MMPs in DFUs and recent developments
in MMP inhibitors of both natural and synthetic origins. A deeper understanding of
these therapeutic strategies may pave the way for more effective treatments, improv-
ing clinical outcomes in diabetic patients suffering from chronic foot ulcers.

Keywords: matrix metalloproteinase enzyme, diabetic foot ulcers, nano-delivery,
wound healing, growth factors
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1. Introduction

Diabetic foot ulcers (DFUs) are a significant complication of diabetes mellitus,
arising from a combination of peripheral neuropathy, peripheral arterial disease, and
biomechanical abnormalities. Peripheral neuropathy leads to a loss of protective sen-
sation, making individuals unaware of minor injuries or pressure points on their feet
[1]. Concurrently, peripheral arterial disease impairs blood flow, reducing the deliv-
ery of oxygen and essential nutrients necessary for wound healing. Biomechanical
changes, such as foot deformities and limited joint mobility, further contribute to
abnormal pressure distribution during walking, increasing the risk of skin breakdown
and ulcer formation as shown in Figure 1 [2, 3]. The clinical significance of DFUs is
profound. Approximately 34% of individuals with diabetes will develop a foot ulcer in
their lifetime, and these ulcers precede 84% of all diabetes-related lower-leg amputa-
tions [4]. The presence of a DFU not only elevates the risk of infection, including cel-
lulitis, osteomyelitis, and sepsis, but also significantly diminishes the patient’s quality
of life due to pain, restricted mobility, and the psychological burden associated with
chronic wounds. Moreover, the five-year mortality rate following a diabetes-related
amputation is alarmingly high, underscoring the severe implications of DFUs [5].

Effective management of DFUs necessitates a comprehensive approach. Off-
loading techniques, such as total contact casting, are employed to redistribute pres-
sure away from the ulcerated area, promoting healing [6]. Meticulous wound care,
including debridement and appropriate dressings, is essential to prepare the wound
bed for healing [7]. Infection control through the use of systemic antibiotics is critical
when clinical signs of infection are present. Additionally, optimizing glycemic control
and addressing comorbid conditions enhance the body’s intrinsic healing capabilities
[8]. Despite these interventions, the recurrence rate of DFUs remains high, with stud-
ies indicating that up to 65% of ulcers recur within 5 years, highlighting the necessity

Shows an open ulcer with necrotic
tissue, inflammation, and infection.
With damaged blood vessels
(microangiopathy) and nerve fibers
(neuropathy).

Reduced oxygen and nutrient
supply, contributing to slow
healing.

' Monolayer

Biofilm Biofilm formation promotes
formation infection which causes
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infection) and deep MaturatroK\% Microcolony
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Figure 1.
Diabetic foot ulcer: Impaived healing and infection progression.
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for ongoing preventive measures and patient education [9]. Chronic inflammation
plays a pivotal role in the impaired wound healing observed in individuals with
diabetes mellitus [10]. In a typical wound healing process, there are sequential phases:
hemostasis, inflammation, proliferation, and remodeling. However, in diabetic
patients, the inflammatory phase is often prolonged, leading to delayed progression to
subsequent stages and resulting in chronic, nonhealing wounds [11].

One of the primary factors contributing to this impaired healing is the presence of
advanced glycation end products (AGEs). Elevated blood glucose levels in diabetics
lead to the formation of AGEs through nonenzymatic glycation of proteins and lipids
[12]. These AGEs accumulate in various tissues, including the extracellular matrix
(ECM), altering its properties and function [13]. Specifically, AGEs can increase
the stiffness of collagen, disrupt normal cell-matrix interactions, and impede the
migration of essential cells like fibroblasts and keratinocytes to the wound site. This
disruption hinders the formation of new tissue and prolongs the inflammatory phase
[14]. Moreover, AGEs interact with their receptors (RAGE) on the surface of various
cells, including immune cells, leading to the activation of pro-inflammatory signaling
pathways. This interaction results in the sustained release of pro-inflammatory cyto-
kines such as tumor necrosis factor-alpha (TNF-a) and interleukins, which further
perpetuate inflammation and tissue damage [15].

Another significant factor is the dysregulation of matrix metalloproteinases
(MMPs) in diabetic wounds. MMPs are enzymes responsible for the degradation and
remodeling of the ECM, a crucial step in wound healing [16]. In diabetic patients,
there is an overexpression of MMPs, particularly MMP-2 and MMP-9, leading to
excessive degradation of the ECM and growth factors necessary for tissue regenera-
tion. This imbalance between MMPs and their natural inhibitors results in a hostile
environment for cell proliferation and matrix deposition, further impairing wound
closure [17]. Additionally, diabetic neuropathy contributes to impaired wound heal-
ing by reducing the sensation in extremities, leading to unrecognized injuries and
persistent pressure points. This lack of sensation prevents timely protective actions,
allowing minor wounds to progress to chronic ulcers [18]. Furthermore, diabetes is
associated with impaired nitric oxide (NO) synthesis due to endothelial dysfunction.
NO is vital for vasodilation and blood flow regulation; its deficiency leads to reduced
blood supply to the wound area, depriving tissues of oxygen and essential nutrients
necessary for healing [19].

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases
that play a pivotal role in the remodeling of the extracellular matrix (ECM) during
various physiological processes, including wound healing. They are capable of degrad-
ing a wide range of ECM components such as collagens, elastin, gelatin, and proteogly-
cans, thereby facilitating tissue repair and regeneration [20, 21]. The activity of MMPs
is tightly regulated by tissue inhibitors of metalloproteinases (TIMPs), ensuring a
balance between ECM degradation and formation. In the context of wound healing,
MMPs contribute significantly to the different phases of the process [22]. During the
inflammatory phase, MMPs such as MMP-9 are upregulated and assist in the migration
of neutrophils across the basement membrane by degrading type IV and V collagens
[23]. This degradation not only facilitates immune cell infiltration to combat infection
but also helps in clearing the wound bed of damaged matrix components, setting the
stage for subsequent tissue repair [24]. As healing progresses to the proliferative phase,
MMPs continue to modulate the ECM environment. For instance, MMP-7, also known
as matrilysin, degrades proteoglycans, fibronectin, and elastin, which is essential for
epithelial cell migration and re-epithelialization of the wound surface [25].
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The remodeling phase of wound healing involves the replacement of provisional
ECM with a more organized and durable matrix [26]. MMPs such as MMP-1 (col-
lagenase-1) and MMP-9 (gelatinase B) are instrumental in this phase, as they degrade
interstitial collagens and gelatin, respectively, allowing for the reorganization of
collagen fibers and restoration of normal tissue architecture. This controlled deg-
radation is crucial for proper scar formation and the return of tissue functionality
[27]. However, dysregulation of MMP activity can impair wound healing. Excessive
MMP activity, often due to an imbalance between MMPs and TIMPs, can lead to
chronic wounds characterized by persistent inflammation and ECM degradation
[28]. Elevated levels of MMPs have been observed in nonhealing ulcers, where they
degrade essential growth factors and receptors, further hindering the healing process.
Therefore, maintaining the delicate balance between MMPs and their inhibitors is
critical for effective wound repair [29].

Figure 1 illustrates the progression and complications of diabetic foot ulcers
(DFUs). The ulcer results from reduced oxygen and nutrient supply, leading to slow
healing. The presence of microangiopathy (damaged blood vessels) and neuropathy
(damaged nerve fibers) further impairs tissue repair [30]. The ulcer develops necrotic
tissue, inflammation, and infection, which can spread to deeper tissues, leading
to osteomyelitis (bone infection) and deep tissue damage [31]. A significant factor
worsening the condition is biofilm formation, where bacteria form protective layers
that promote infection and delay healing. The biofilm progresses from a monolayer to
microcolony, maturation, and dispersion, continuously aggravating the wound [32].

2. MMPs: Structure and function

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases
that play a crucial role in the degradation and remodeling of the extracellular matrix
(ECM) [20]. They are involved in various physiological processes, including embry-
onic development, tissue repair, and angiogenesis, as well as pathological conditions
such as arthritis, cancer metastasis, and cardiovascular diseases [22]. MMPs are
synthesized as inactive proenzymes and are activated through proteolytic cleavage.
Their activity is tightly regulated by tissue inhibitors of metalloproteinases (TIMPs)
to maintain tissue homeostasis. Alterations in MMP expression or activity can lead
to pathological tissue remodeling, contributing to disease progression [33, 34]. The
different types of MMPs and their biological function are shown in Table 1.

2.1 Extracellular matrix degradation

The ECM is a highly dynamic network composed of proteins such as collagen,
elastin, fibronectin, and proteoglycans, which provide structural support to tissues
and regulate various cellular activities, including proliferation, differentiation, and
migration [73]. The process of ECM degradation and remodeling is critical in numer-
ous biological processes such as tissue development, wound healing, fibrosis, and
pathological events like cancer metastasis [74]. Mechanism involved in ECM degrada-
tion is given below.

Cysteine cathepsins are proteases that contribute to extracellular matrix
(ECM) degradation, particularly in acidic environments like lysosomes [75].
Among them, cathepsin K degrades collagen and other ECM components,
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MMP Name Primary substrates Biological functions References

MMP-1  Collagenase-1 Fibrillar collagens Plays a key role in degrading interstitial ~ [35, 36]
(types I, II, III), gelatin,  collagens, which is crucial for tissue
aggrecan remodeling, wound healing, and

fibrosis regulation. It is implicated in
arthritis, tumor invasion, and fibrotic
disorders.

MMP-2  Gelatinase A Gelatin, type IV Degrades basement membrane [37,38]
collagen, elastin, components, facilitating cell migration,
fibronectin, laminin angiogenesis, and tumor metastasis.

Involved in cardiovascular diseases and
fibrosis.

MMP-3 Stromelysin-1 Proteoglycans, laminin,  Playsa central role in tissue remodeling, ~ [39, 40]
fibronectin, gelatin, wound healing, and inflammatory
non-fibrillar collagens processes. Activates pro-MMPs and is

involved in arthritis, atherosclerosis,
and cancer progression.

MMP-7  Matrilysin Proteoglycans, Involved in epithelial repair, innate [41, 42]
fibronectin, elastin, immunity, and cancer progression.
casein, gelatin, entactin ~ Plays a role in regulating defensins

in the intestinal mucosa and wound
healing.

MMP-8  Collagenase-2 Fibrillar collagens Mainly associated with neutrophil- [41, 43]
(types I, IL, III), gelatin, ~ mediated inflammation and
aggrecan tissue remodeling. It plays a role in

periodontal disease, rheumatoid
arthritis, and wound healing.

MMP-9  Gelatinase B Gelatin, type IV and Degrades extracellular matrix (ECM) [44, 45]
V collagens, elastin, components, facilitating leukocyte
fibronectin, laminin migration, angiogenesis, and blood-

brain barrier disruption. Implicated in
tumor invasion, neuroinflammation,
and cardiovascular diseases.

MMP-10  Stromelysin-2 Proteoglycans, Works in conjunction with MMP-3 in [46, 47]
fibronectin, gelatin, tissue remodeling and wound healing.
non-fibrillar collagens Helps activate other MMPs and

contributes to cartilage breakdown in
arthritis.

MMP-11  Stromelysin-3 Laminin, fibronectin, Involved in tissue remodeling, [48, 49]
gelatin, aggrecan adipose tissue homeostasis, and

tumor progression by degrading ECM
components. Plays a role in cancer cell
invasion.

MMP-12  Macrophage Elastin, fibronectin, Major role in elastin degradation, [50, 51]

elastase laminin, type IV which contributes to emphysema,
collagen atherosclerosis, and chronic
inflammatory diseases such as COPD.
MMP-13  Collagenase-3 Fibrillar collagens Critical for cartilage remodeling and [52, 53]

(types 1, 11, I1I), gelatin,
aggrecan

bone development. Overexpression
is associated with osteoarthritis,
rheumatoid arthritis, and bone
metastasis.
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MMP Name Primary substrates Biological functions References
MMP-14 Membrane-type  Progelatinase A, Plays a key role in pericellular [54, 55]
MMP-1 fibrillar collagens, proteolysis, cell migration,
gelatin, fibronectin angiogenesis, and activation of MMP-2.
Implicated in tumor metastasis and
vascular remodeling.
MMP-15 Membrane-type Progelatinase A, Contributes to ECM degradation, cell [56, 57]
MMP-2 fibrillar collagens, migration, and tissue invasion. Plays
gelatin, fibronectin arole in embryonic development and
tumor invasion.
MMP-16 Membrane-type  Progelatinase A, Involved in pericellular proteolysis [20, 58]
MMP-3 fibrillar collagens, and activation of MMP-2. Plays a role
gelatin, fibronectin in tissue invasion, cancer progression,
and angiogenesis.
MMP-17 Membrane-type  Fibrinogen, fibrin Involved in blood clot remodeling, [59, 60]
MMP-4 cell migration, and tissue invasion.
Plays a role in immune responses and
inflammation.
MMP-19 RASI-1 Laminin, fibronectin, Participates in wound healing, tissue [61, 62]
type IV collagen remodeling, and immune regulation.
Overexpression has been linked to
inflammatory diseases.
MMP- Enamelysin Amelogenin, enamel Essential for enamel formation [63, 64]
20 proteins during tooth development. Plays a
role in amelogenesis and dental tissue
remodeling.
MMP-21 X-MMP Unknown Involved in embryonic development, [65, 66]
tissue remodeling, and morphogenesis.
Overexpression has been linked to
certain cancers.
MMP-23 CA-MMP Unknown Plays a role in reproductive processes, [67, 68]
immune regulation, and tissue
remodeling. Involved in ovarian and
testicular development.
MMP- Matrilysin-2 Fibronectin, Contributes to tissue remodeling and [69, 70]
26 fibrinogen, type IV wound healing. Overexpression has
collagen been linked to tumor progression and
metastasis.
MMP-28  Epilysin Casein, fibronectin, Plays a role in tissue homeostasis, [71,72]
type IV collagen wound healing, and epithelial cell
turnover.
Table 1.

Classification of MMPs and their function.

playing a crucial role in osteoclast-mediated bone resorption [76]. Cathepsin S is
involved in proteoglycan breakdown and is linked to tissue destruction in inflam-
matory diseases such as rheumatoid arthritis, atherosclerosis, and cancer [77].
Heparanase, an enzyme that cleaves heparan sulfate chains of proteoglycans like
perlecan and agrin, releases bound growth factors (FGF, VEGF, HGF), facilitat-
ing tissue remodeling, cell migration, tumor invasion, angiogenesis, and fibrosis.
Elevated heparanase activity is implicated in cancer metastasis and inflammatory
diseases [78].
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Podosomes and invadopodia are actin-rich structures that facilitate ECM
degradation and remodeling. Podosomes, found in macrophages, dendritic cells,
and smooth muscle cells, localize MMPs at focal adhesion points to aid immune
cell migration [79]. Invadopodia, present in invasive cancer cells, promote metas-
tasis by secreting MMPs and degrading basement membranes, enabling tumor
invasion [80]. Tissue Inhibitors of Metalloproteinases (TIMPs), including TIMP-1
to TIMP-4, regulate ECM turnover by inhibiting MMPs and maintaining tissue
homeostasis [22]. Dysregulation of MMP-TIMP balance contributes to fibrosis,
osteoarthritis, and cancer. Mechanical forces align ECM fibers, aiding wound
healing by organizing collagen structure [81]. In cancer, ECM stiffening driven
by tumor and stromal cells promotes tumor progression and therapy resistance,
while in fibrosis, excessive tension leads to pathological ECM deposition and
tissue scarring [82].

2.2 ECM remodeling and its role in biological processes

During embryogenesis and tissue development, ECM degradation and remodel-
ing are essential for processes such as organ formation, vascularization, and tissue
patterning. For example, the ECM in cartilage and bone is remodeled to allow for the
growth of these tissues during development [83]. ECM remodeling plays a central
role in wound healing. In the initial phase, ECM degradation is necessary to cre-
ate space for new tissue growth. As healing progresses, the ECM is remodeled to
restore tissue integrity and function [84]. This involves the deposition of new ECM
components, such as fibronectin and collagen, which provide structural support for
tissue regeneration [73]. In pathological conditions such as chronic inflammation,
the ECM undergoes excessive deposition and remodeling, leading to fibrosis [85].
Fibrotic tissue is characterized by the accumulation of ECM components, particularly
collagen, which impairs normal tissue function. Fibrosis is a hallmark of conditions
such as pulmonary fibrosis, liver cirrhosis, and kidney fibrosis [86]. ECM remodeling
is a crucial step in cancer metastasis. Tumor cells degrade the surrounding ECM to
invade neighboring tissues and disseminate to distant organs. The ECM in the tumor
microenvironment is often modified to facilitate tumor cell migration and resistance
to chemotherapy [87].

2.3 Tissue inhibitors of metalloproteinases (TIMPs)

2.3.1 Regulation of MMP activity through tissue inhibitors of metalloproteinases
(TIMPs)

MMP activity is mainly controlled by tissue inhibitors of metalloproteinases
(TIMPs), endogenous proteins that inhibit MMPs. Humans have four TIMPs—TIMP-
1, TIMP-2, TIMP-3, and TIMP-4—produced by cells like fibroblasts, endothelial cells,
and smooth muscle cells [88]. These TIMPs balance MMP activity, preventing exces-
sive ECM degradation. They bind to the catalytic domain of MMPs, blocking ECM
breakdown [89]. The N-terminal domain of TIMPs binds MMPs, while the C-terminal
domain varies, affecting binding specificity. For example, TIMP-1 binds strongly to
MMP-9, and TIMP-2 prefers MMP-2 [90]. TIMP-1, for example, is known to promote
cell survival and proliferation, particularly in the context of tumorigenesis and tissue
repair. Additionally, TIMP-1 can modulate apoptosis by inhibiting caspase activity,
providing anti-apoptotic effects [91].
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2.3.2 The impact of cytokine signaling on MMP regulation

Cytokines are small signaling proteins that regulate immune responses and
tissue homeostasis, significantly influencing MMP expression and ECM remodel-
ing [92]. Pro-inflammatory cytokines like IL-1, TNF-a, and IL-6 upregulate MMPs
during inflammation or injury by activating signaling pathways such as NF-xB
[93]. Once activated, NF-«B translocates to the nucleus, inducing the transcription
of MMP genes like MMP-1, MMP-3, and MMP-9, leading to ECM degradation and
tissue remodeling. This regulation is crucial in processes such as wound healing,
fibrosis, and inflammatory diseases [94]. Pro-inflammatory cytokines also regulate
TIMP expression, influencing MMP activity balance. IL-1p induces TIMP-1 and
TIMP-2 expression, while TNF-a increases TIMP-3 in a tissue-specific manner [22].
Conversely, anti-inflammatory cytokines like TGF-p and IL-10 inhibit MMP expres-
sion. TGF-p suppresses MMP production while promoting ECM synthesis, contribut-
ing to fibrosis and tissue repair [95].

2.3.3 Clinical implications and thevapeutic targeting

The regulation of MMPs and TIMPs has significant clinical implications.
Dysregulation of MMP and TIMP activity is implicated in a wide range of diseases,
including cancer, cardiovascular disease, osteoarthritis, pulmonary diseases, and
fibrosis [17]. For example, in cancer, inhibitors of MMPs (known as MMP inhibitors)
have been developed as potential therapeutic agents to prevent metastasis and tumor
growth. However, targeting MMPs has proven challenging, as MMPs have essential
physiological roles, and their inhibition can have unintended side effects [96]. In dis-
eases characterized by excessive fibrosis, such as pulmonary fibrosis or liver cirrhosis,
strategies aimed at increasing the levels of TIMPs or inhibiting pro-inflammatory
cytokine signaling pathways could help prevent ECM overaccumulation and tissue
scarring [97]. Conversely, in diseases like osteoarthritis, where excessive ECM degra-
dation occurs, promoting TIMP expression or inhibiting inflammatory cytokines may
help preserve cartilage integrity [98].

3. Role of MMPs in diabetic foot ulcers (DFUs)
3.1 Matrix metalloproteinases (MMPs) and their role in ECM remodeling

Wound healing occurs through several overlapping phases such as hemostasis,
inflammation, proliferation, and remodeling. During the proliferative phase, ECM
remodeling plays a crucial role in the formation of granulation tissue, angiogenesis,
and epithelialization [99]. MMPs facilitate the breakdown of the old ECM to allow for
the deposition of new ECM components, such as collagen types I and III, fibronectin,
and glycosaminoglycans [100]. In diabetic individuals, the wound healing process is
significantly impaired, and this is partly due to the dysregulated activity of MMPs.
Diabetes induces a hyperglycemic environment that leads to several pathological
changes in immune function, inflammatory responses, and ECM remodeling [101].
Elevated glucose levels in diabetes promote an inflammatory state, marked by the
overproduction of pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a) and interleukins (IL-1, IL-6). These cytokines, in turn, upregulate MMP
expression [102]. Chronic inflammation in diabetic wounds leads to a prolonged
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presence of MMPs at the wound site, which disrupts the normal remodeling of ECM.
In diabetic wounds, MMPs, particularly MMP-2 and MMP-9, are overexpressed,
resulting in excessive ECM degradation [103].

Under normal conditions, TIMPs inhibit MMPs and maintain the balance between
ECM degradation and deposition. In diabetic wounds, however, there is often a rela-
tive deficiency in TIMPs or an increase in their degradation, which exacerbates MMP
activity [104]. This imbalance leads to uncontrolled ECM breakdown, preventing
proper tissue regeneration and prolonging the inflammatory phase of wound healing.
The dysregulation of TIMP expression in diabetes further exacerbates the problem
[105]. Specifically, studies have found decreased levels of TIMP-1 in diabetic ulcers,
which results in a reduced ability to inhibit the overexpression of MMPs and restrict
excessive ECM turnover [103].

3.2 Hyperglycemia-induced oxidative stress

Hyperglycemia in diabetes leads to an increase in the production of reactive
oxygen species (ROS) through several mechanisms. One primary pathway is the
auto-oxidation of glucose, where glucose itself undergoes oxidation, generating
ROS such as superoxide anion (O,) [106]. Additionally, hyperglycemia increases
the flux through polyol and hexosamine pathways, both of which contribute to ROS
production. The polyol pathway, in particular, converts excess glucose to sorbitol, and
this process generates NADH, which indirectly enhances ROS production [107]. In
addition, hyperglycemia promotes the formation of advanced glycation end products
(AGEs), which are products of nonenzymatic reactions between reducing sugars and
proteins [108]. AGEs interact with receptors known as Receptor for AGEs (RAGE),
activating signaling pathways that further promote oxidative stress, inflammation,
and vascular damage [15]. The accumulation of ROS disrupts cellular functions and
causes lipid peroxidation, DNA damage, and protein misfolding, which contribute to
cell dysfunction. This oxidative burden impairs fibroblast and endothelial cell func-
tion, preventing effective tissue regeneration and prolonging the inflammatory phase
of wound healing [109].

Elevated blood glucose exacerbates the upregulation of these MMPs through the
generation of ROS, which activates signaling pathways like Nuclear Factor kappa-
light-chain-enhancer of activated B cells (NF-kB) and Activator Protein 1 (AP-1),
leading to increased transcription of MMP genes [110]. However, in diabetes, this
balance is disrupted due to reduced TIMP expression or increased oxidative stress,
leading to elevated MMP activity [111]. This results in excessive ECM breakdown,
particularly collagen degradation, which weakens the wound site and impairs granu-
lation tissue formation, ultimately delaying proper wound closure [26]. For instance,
MMPs can cleave and inactivate platelet-derived growth factor (PDGF) and trans-
forming growth factor-beta (TGF-p), both of which are pivotal in fibroblast prolifera-
tion, collagen synthesis, and wound contraction. This dysregulated ECM turnover
contributes to delayed wound healing, poor tissue regeneration, and the chronicity of
DFUs [112].

3.3 Involvement of MMP activity in diabetic wounds

In diabetic wounds, the activity of matrix metalloproteinases (MMPs) is signifi-
cantly altered, contributing to impaired wound healing [103]. Figure 2 illustrates
the molecular mechanisms leading to impaired healing in diabetes. In normal wound
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Molecular mechanisms underlying impaired wound healing in diabetes.

healing, matrix metalloproteinases (MMPs) degrade damaged tissue, allowing
fibroblasts and endothelial cells to migrate and facilitate extracellular matrix (ECM)
remodeling and angiogenesis [113]. However, in diabetic wound healing, excessive
MMP-2 and MMP-9 activity leads to excessive ECM breakdown, impairing fibroblast
and endothelial cell migration, ultimately delaying wound closure [114]. The diagram
highlights that glucose forms advanced glycation end products (AGEs) by nonenzy-
matically binding to proteins, lipids, and nucleic acids. AGEs cross-link ECM pro-
teins, making them stiff, and interact with RAGE receptors, triggering inflammation
and further increasing MMP activity [115]. Growth factor dysregulation in diabetes
impairs the TGF-p pathway, reducing tissue inhibitors of metalloproteinases (TIMPs)
and leading to excessive MMP activity, while VEGF reduction results in poor blood
vessel formation and impaired angiogenesis [116]. Additionally, impaired nitric oxide
(NO) production due to reduced endothelial nitric oxide synthase (eNOS) activity

in diabetes exacerbates excessive MMP activity and poor ECM remodeling, further
hindering wound healing [117].

4. Pathophysiological findings: MMPs as biomarkers in DFUs

Figure 3 illustrates the pathophysiology of diabetic foot ulcers (DFUs), a severe
complication of diabetes mellitus. High glucose levels lead to neuropathy (nerve
damage), causing a loss of sensation in the foot, and vasculopathy (blood vessel
damage), reducing blood flow and oxygen supply. Additionally, diabetes impairs
immune function, making it harder to fight infections and heal wounds [118]. The
ulcer healing process is further disrupted by increased pro-inflammatory cytokine
production, reduced angiogenesis, oxidative stress (hydroxyl radical formation), and
damaged extracellular matrix (ECM), growth factors, and stroma cells. These impair
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fibroblast and keratinocyte migration, collagen accumulation, and neuropeptide
expression, leading to chronic nonhealing ulcers [119, 120]. Figure 4 illustrates that
prolonged hyperglycemia leads to collagen cross-linking disorders, inflammation,
impaired immune response, and disrupted angiogenesis, causing defective wound
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healing [121]. Diabetic peripheral neuropathy affects sensory, motor, and autonomic
functions, resulting in loss of sensation, bone deformities, and dry skin with fissures,
increasing the risk of ulcers [122]. Additionally, peripheral artery disease (PAD),
characterized by atherosclerosis and oxidative stress, leads to ischemia and inflam-
mation in the lower limb microcirculation, further delaying wound healing. These
combined factors contribute to the formation and poor healing of diabetic foot ulcers,
emphasizing the need for proper diabetes management and foot care [123].

4.1 MMP profiling in different stages of DFUs
Inflammatory phase:

* In the early inflammatory phase, MMP-8 (collagenase-2) and MMP-9 (gelati-
nase-B) are significantly upregulated. MMP-9, derived primarily from neutro-
phils, is associated with prolonged inflammation and delayed healing in DFUs.
Studies have shown that high levels of MMP-9 correlate with increased wound
size and poor healing outcomes [124].

* MMP-8, which degrades type I collagen, is also elevated in the inflamma-
tory phase and contributes to tissue destruction if not regulated. The imbalance
between MMP-8 and its inhibitor, TIMP-1, exacerbates ECM degradation [125].

Proliferative phase:

* During the proliferative phase, MMP-2 (gelatinase-A) and MMP-1 (collage-
nase-1) play a dual role. While MMP-2 is essential for angiogenesis and kerati-
nocyte migration, its overexpression in DFUs leads to excessive degradation of
basement membrane components, impairing re-epithelialization [126, 127].

* MMP-1, which targets interstitial collagens, is necessary for clearing damaged
tissue. However, in DFUs, persistent MMP-1 activity disrupts the formation of
granulation tissue, delaying wound closure [103].

Remodeling phase:

* In the remodeling phase, MMP-13 (collagenase-3) is critical for resolving excess
collagen and facilitating tissue maturation. However, in chronic DFUs, MMP-13
levels are often dysregulated, contributing to abnormal scar formation and poor
tensile strength of healed tissue [128].

4.2 Potential of MMPs as diagnostic and prognostic markers

Oncology applications.
In cancer, MMPs facilitate tumor invasion and metastasis by degrading ECM
components, thereby enabling malignant cells to breach tissue barriers.

o MMP-2 and MMP-9: These gelatinases target type IV collagen, a principal constitu-
ent of basement membranes. Their heightened activity has been linked to increased
metastatic potential in colorectal cancer, melanoma, breast, lung, ovarian, and
prostate cancers [129]. Notably, MMP-2 mRNA levels in surrounding stromal
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tissue, rather than within the tumor itself, have been associated with metastasis,
suggesting the tumor microenvironment’ pivotal role in cancer progression [130].

* MMP-28 (epilysin): Overexpression of MMP-28 has been observed in various
tumors, with associations to tumor diameter, invasion depth, and metastatic
stage. Patients exhibiting high MMP-28 expression often face reduced survival
rates, positioning it as a potential prognostic marker [131].

Cardiovascular Implications.
MMPs contribute to the pathophysiology of several cardiovascular conditions
through ECM remodeling and modulation of inflammatory responses.

* MMP-3: This enzyme has been implicated in exacerbating traumatic brain inju-
ries by disrupting the blood-brain barrier (BBB). Increased MMP-3 activity post-
injury leads to degradation of tight junction proteins like claudin-5 and occludin,
resulting in enhanced BBB permeability and subsequent neuronal damage [132].

* MMP-9: Elevated MMP-9 levels have been linked to the development of aortic
aneurysms. Inhibition of MMP-9 activity, such as through doxycycline adminis-
tration, has demonstrated a reduction in aneurysm progression, highlighting its
potential as a therapeutic target and prognostic marker [133].

5. Therapeutic strategies targeting MMPs in diabetic foot

Various natural compounds such as EGCG, curcumin, and genistein have demon-
strated MMP-inhibitory activity through diverse mechanisms (Table 2).

In addition to natural compounds, synthetic MMP inhibitors like batimastat,
marimastat, and nanotechnology-based agents have been explored for DFU treatment
(Table 3).

Natural MMPs Source Mechanism of action References
inhibitor

Epigallocatechin-  Green tea (Camellia EGCG, a major green tea polyphenol, inhibits [134, 135]
3-gallate (EGCG)  sinensis) MMP-2, MMP-9, and MMP-14 through multiple

mechanisms. It binds to the catalytic zinc ion of
MMPs, blocking their activity, and suppresses
MMP expression by inhibiting NF-xB and AP-1
signaling. Additionally, EGCG reduces oxidative
stress by scavenging free radicals and enhancing
antioxidant enzymes. It also upregulates TIMPs.

Curcumin Turmeric (Curcuma Curcumin, derived from turmeric, inhibits [136, 137]
longa) MMP-2, MMP-9, and MMP-14 by suppressing
NF-kB, MAPK, and PI3K/Akt pathways essential
for MMP transcription. It directly binds to the zinc-
binding domain of MMPs, blocking their activity.
Additionally, curcumin reduces ROS production
and downregulates pro-inflammatory cytokines
like TNF-o and IL-1.
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Natural MMPs Source Mechanism of action References
inhibitor
Genistein Soybeans Genistein, an isoflavone in soybeans, inhibits [138, 139]
(Glycine max) MMP-2 and MMP-9 by blocking ERK1/2 and
PI3K/Akt pathways and acting as a tyrosine kinase
inhibitor. It suppresses NF-«kB and AP-1, enhances
TIMP expression, and reduces oxidative stress.
Resveratrol Grapes Resveratrol, a grape-derived polyphenol, inhibits [140]
(Vitis vinifera) MMP-2, MMP-9, and MMP-13 by suppressing
NF-kB and AP-1 pathways. It upregulates TIMPs,
reduces oxidative stress by enhancing antioxidant
enzymes, and downregulates pro-inflammatory
cytokines like TNF-a and IL-6.
Quercetin Apples, onions, and Querecetin, a flavonoid in apples and onions, inhibits ~ [141, 142]
berries MMP-2 and MMP-9 by suppressing MAPK and
NF-«B pathways. It chelates the zinc ion in MMPs,
directly inhibiting their activity, reduces oxidative
stress by enhancing antioxidant enzymes, and
downregulates pro-inflammatory cytokines.
Catechins Green tea (Camellia Catechins inhibit MMP-1, MMP-2, and MMP-9 [143]
sinensis) by binding to their active sites and blocking
proteolytic activity.
Sulforaphane Broccoli Sulforaphane inhibits MMP-2, MMP-9, and MMP- [144]
(Brassica oleracea) 14 by suppressing NF-«kB and MAPK pathways.
Ellagic Acid Pomegranate Ellagic acid inhibits MMP-2 and MMP-9 by [145]
(Punica granatum) suppressing NF-kB and MAPK pathways.
Berberine Berberis species Berberine inhibits MMP-2 and MMP-9 by [146]
suppressing AP-1and NF-«B pathways. It
upregulates TIMP-1 and TIMP-2, counteracting
MMP activity, and reduces oxidative stress by
enhancing antioxidant enzymes.
Luteolin Celery, parsley, and Luteolin inhibits MMP-2 and MMP-9 by blocking [147]
chamomile PI3K/Akt and MAPK pathways and suppressing
NF-«B activation. Its antioxidant properties further
reduce oxidative stress, limiting MMP expression.
Caffeicacid Propolis (beehive CAPE inhibits MMP-2 and MMP-9 by suppressing [148]
phenethyl ester product) NF-xB and MAPK pathways and directly
(CAPE) blocking MMP activity. Its anti-inflammatory and
antioxidant properties further enhance its MMP-
inhibitory effects.
Silymarin Milk thistle (Silybum  Silymarin inhibits MMP-2 and MMP-9 by [149]
marianum) suppressing NF-kB and AP-1 pathways. It reduces
oxidative stress and inflammation, further limiting
MMP expression.
Carnosol Rosemary Carnosol inhibits MMP-9 by suppressing NF-kB [150]
(Rosmarinus and AP-1 pathways and upregulating TIMP-1. Its
officinalis) antioxidant properties further enhance its MMP-
inhibitory effects.
Apigenin Parsley, chamomile, ~ Apigenin inhibits MMP-2 and MMP-9 by [151]

and celery

suppressing PI3K/Akt and MAPK pathways
and reducing NF-«B signaling. Its antioxidant
properties further enhance its MMP-inhibitory
effects.
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Natural MMPs Source Mechanism of action References
inhibitor
Kaempferol Tea, broccoli, and Kaempferol inhibits MMP-2 and MMP-9 by [152]
grapes suppressing NF-xB and MAPK pathways. It
reduces oxidative stress and inflammation.
Marine-derived compounds
Sulfated Red algae (Gelidium A sulfated polysaccharide inhibits MMP-2 and [153]
polysaccharide crinale) MMP-9 by suppressing NF-«kB and PI3K/Akt
pathways. It prevents IkBoa degradation, reducing
NF-kB activation and MMP transcription.
Astaxanthin Marine microalgae Astaxanthin, a marine microalgae carotenoid, [154]
(e.g., Haematococcus  inhibits MMPs by scavenging ROS, which activates
pluvialis) AP-1and MAPK pathways.
Eckol Brown algae Eckol, a brown algae phlorotannin, inhibits [155]
(e.g., Ecklonia cava) ~ MMP-1and MMP-9 by blocking ERK and p38
phosphorylation in the MAPK pathway. It also
reduces TNF-a and IL-1p levels, limiting MMP
expression via NF-xB and AP-1.
Microbial-derived compounds
Salinosporamide =~ Marine bacterium Salinosporamide A inhibits MMP-9 by blocking [156]
A (Salinispora tropica) ~ proteasome activity, preventing IkBo degradation
and NF-«B activation. It also suppresses the MAPK
pathway, reducing MMP-9 expression and activity.
Aspulvinone Marine-derived Aspulvinone MMP-9 by suppressing MAPK [157]
signaling and reducing ERK, JNK, and p38
phosphorylation.
Table 2.
Natural ovigin MMP inhibitors.
MMPs inhibitor Structure MOA Reference
Small molecule inhibitor
Batimastat { o Batimastat is a broad-spectrum MMP [158]
inhibitor that chelates the zinc ion at
- 4 the active site of MMPs, preventing
i u_,.fa\‘"}\ substrate binding and catalytic activity. It
| specifically targets MMP-2, MMP-9, and
o7 \'; o MMP-14, which are involved in tumor
rLY R invasion and angiogenesis.
e v
I
J
Marimastat 1 Marimastat is a synthetic hydroxamate- [159]
Ny based inhibitor that binds to the zinc-
) ' | Yoot binding domain of MMPs, inhibiting
\\| 's "W/ N\ their proteolytic activity.
A ) P |
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MMPs inhibitor Structure

MOA

Reference

Prinomastat ;\, 7
N ‘l"T'/
1

#

()

Prinomastat selectively inhibits MMP-2
and MMP-9 by mimicking the collagen
substrate and binding to the active site.
It also disrupts the interaction between
MMPs and their natural inhibitors
(TIMPs).

[160]

Tetracyclines as MMP inhibitors

Doxycycline

Doxycycline inhibits MMPs by chelating
zinc and calcium ions at the catalytic site,
reducing MMP-2, MMP-8, and MMP-9
activities.

[161]

Minocycline o Hge o
= NH

OH

Minocycline inhibits MMP-9 by blocking
its activation pathway, which involves
the ERK1/2 and JNK signaling pathways.
It also reduces oxidative stress, which
indirectly suppresses MMP expression.

[162]

Nanotechnology-based MMP inhibitors

Gold
nanoparticles

AuNPs functionalized with MMP-specific
peptides (e.g., CTT peptide) selectively
bind to MMP-2 and MMP-9, blocking
their activity. The nanoparticles also
enhance drug delivery to tumor sites.

[163]

Liposomal- iy
encapsulated P . Y
inhibitors o Py T R,

Liposomes encapsulating MMP
inhibitors provide targeted delivery to
tumor tissues. The liposomes release the
inhibitor in response to the acidic tumor
microenvironment, ensuring localized
inhibition of MMP-2 and MMP-9.

[164]

Polymeric
nanoparticles

Polymeric nanoparticles (e.g., PLGA-
based) loaded with MMP inhibitors
degrade slowly, providing sustained
release of the inhibitor. They also
reduce systemic toxicity and enhance
bioavailability.

[165]

Dendrimers

Dendrimers conjugated with MMP
inhibitors target MMP-overexpressing
cells. The dendrimers’ multivalent surface
allows for high-affinity binding to MMPs,
enhancing inhibitory efficacy.

[166]

Table 3.
Synthetic MMP inhibitors.

74



Matrix Metalloproteinases (MMPs) in Diabetic Foot Ulcers: Pathophysiology and Advances...
DOI: http://dx.doi.org/10.5772/intechopen.1010834

6. Recent advances and future perspectives
6.1 Novel drug delivery approaches

Figure 4 illustrates the various novel drug delivery approaches for diabetic foot
ulcers (DFUs). It categorizes different systems such as nanoparticle-based delivery,
hydrogels, microneedle patches, liposomal delivery, electrospun nanofibers, topical
gels and creams, and biological scaffolds. Each category highlights specific formula-
tions, such as polymeric nanoparticles (PLGA, chitosan), hyaluronic acid-based
hydrogels, biodegradable microneedles, lipid-based vesicles, ECM-mimicking
scaffolds, and nanostructured lipid carriers [167-170]. The benefits of these advanced
delivery systems include controlled release, enhanced wound penetration, sustained
drug release, improved retention, and structural support, making them promising
strategies for effective DFU treatment [171].

6.2 Gene therapy targeting and RNA-based therapeutics targeting MMPs
in DFUs

Gene therapy offers a potential solution to modulate MMP expression and activity
in DFUs. The approach involves delivering genetic material to cells to either upregu-
late or downregulate specific MMPs [172], depending on the therapeutic goal. Key
strategies include:

Gene silencing:

Using small interfering RNA (siRNA) or short hairpin RNA (shRNA) to target
and degrade MMP mRNA, thereby reducing MMP expression. For example, studies
have shown that siRNA-mediated knockdown of MMP-9 can reduce excessive ECM
degradation and promote wound healing in diabetic models [173].

Gene overexpression:

In some cases, overexpression of tissue inhibitors of metalloproteinases (TIMPs),
which are natural inhibitors of MMPs, can restore the balance between MMPs and
TIMPs. Gene therapy approaches using plasmid DNA or viral vectors to deliver TIMP
genes have shown promise in preclinical studies [174, 175].

siRNA-based approaches:

siRNA targeting MMP-9 has been shown to reduce its expression in diabetic
wound models, leading to improved wound healing outcomes [176]. Delivery sys-
tems such as lipid nanoparticles, hydrogels, or microneedles are being developed to
enhance the stability and targeted delivery of siRNA to wound sites [171].

miRNA-based approaches:

miRNAs are small noncoding RNAs that regulate gene expression post-tran-
scriptionally. Certain miRNAs, such as miR-21 and miR-29, have been implicated in
the regulation of MMP expression [177]. For example, miR-29 has been shown to
downregulate MMP-9, and its delivery via nanoparticles has demonstrated enhanced
wound healing in diabetic models [103].

Antisense oligonucleotides (ASO:s):

ASOs can bind to MMP mRNA and prevent its translation, effectively reduc-
ing MMP levels. Preclinical studies have shown that ASOs targeting MMP-2 and
MMP-9 can improve wound healing by reducing ECM degradation and inflamma-
tion [178].
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6.3 Clinical trials and emerging trends in DFU management
6.3.1 Clinical trials in DFU management

Clinical trials for diabetic foot ulcer (DFU) management focus on enhancing
wound healing, preventing infections, and reducing amputations. Key areas of
investigation include advanced wound care products, such as bioactive dressings
containing growth factors (e.g., recombinant human epidermal growth factor),
antimicrobial agents (e.g., silver, iodine), and collagen-based matrices, which aim to
accelerate wound closure and reduce bacterial load [179]. Stem cell therapy, particu-
larly using mesenchymal stem cells (MSCs) and platelet-rich plasma (PRP), is being
explored for its regenerative potential in promoting angiogenesis and tissue repair
[180]. Hyperbaric oxygen therapy (HBOT) is under clinical assessment for its ability
to enhance oxygen delivery to hypoxic tissues, improving healing in refractory DFUs
[181]. Gene therapy trials are investigating gene-based interventions, such as viral
vector-mediated delivery of growth factor genes (e.g., VEGF), to modulate inflam-
mation and promote tissue regeneration [182]. Given the rising concern of antibiotic
resistance, researchers are testing alternatives like bacteriophages, antimicrobial
peptides, and biofilm-disrupting agents for infected DFUs [183]. Additionally, wear-
able technologies that monitor wound parameters in real time (e.g., temperature,
moisture, pH) are being evaluated to enable personalized treatment adjustments,
potentially optimizing DFU management [184].

6.3.2 Emerging trends in DFU management

Emerging trends in diabetic foot ulcer (DFU) management emphasize per-
sonalized, multidisciplinary, and technology-driven approaches. Bioengineered
skin substitutes, such as Apligraf and Dermagraft, provide scaffolds for tissue
regeneration and growth factor delivery [185]. Research on microbiome modula-
tion is exploring probiotics and microbiome-targeted therapies to restore micro-
bial balance and enhance healing [186]. Artificial intelligence (AI) and machine
learning are being applied to wound image analysis, outcome prediction, and
treatment recommendations, improving diagnostic accuracy and reducing clini-
cian workload [187].

6.4 Challenges in translating MMP inhibitors to clinical use in DFUs

Complex role of MMPs in wound healing:

MMPs are a family of zinc-dependent endopeptidases that play a dual role in
wound healing. While they are essential for extracellular matrix (ECM) remodeling
and tissue repair, their overexpression in chronic wounds, such as DFUs, leads to
excessive degradation of ECM components, growth factors, and cytokines, impairing
healing [126]. The challenge lies in selectively inhibiting pathological MMP activity
without disrupting their beneficial roles in wound repair. Nonselective MMP inhibi-
tors have shown adverse effects in clinical trials, such as impaired wound closure and
musculoskeletal toxicity [188].

Lack of selectivity in MMP inhibitors:

Many early-generation MMP inhibitors (e.g., batimastat and marimastat)
were broad-spectrum and targeted multiple MMPs, leading to off-target effects
and toxicity [189]. For example, inhibition of MMP-1 (collagenase-1) has been
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associated with musculoskeletal syndrome, a significant side effect observed in
clinical trials [190].

Heterogeneity of DFUs:

DFUs are highly heterogeneous in terms of etiology, microbial load, and inflam-
matory profile. This variability complicates the design of clinical trials and the
identification of patient subgroups that may benefit most from MMP inhibition [191].
The presence of biofilms and persistent infections in DFUs further complicates the
therapeutic efficacy of MMP inhibitors, as biofilms can alter the local MMP expres-
sion and activity [192].

Pharmacokinetic and delivery challenges:

MMP inhibitors often have poor bioavailability and stability, limiting their
effectiveness when administered systemically [188]. Local delivery methods, such
as topical formulations or biomaterial-based delivery systems, are being explored
but face challenges in achieving sustained and controlled release at the wound site
[193]. Figure 5 illustrates the structured overview of strategies for developing selec-
tive matrix metalloproteinase (MMP) inhibitors for diabetic foot ulcers (DFUs). It
highlights six key approaches: (1) Advances in structural biology and computational
modeling for designing selective MMP inhibitors [194]; (2) Combination therapies
involving antibiotics, growth factors, or stem cells to enhance healing [195]; (3)
Biomaterial-based delivery systems using hydrogels, nanoparticles, and scaffolds
for controlled release and improved bioavailability [196]; (4) personalized medicine
approaches that tailor treatments based on patient-specific MMP expression and bio-
markers [197]; (5) robust clinical trials focusing on larger sample sizes, standardized
measures, and optimal therapy duration [198]; and (6) exploration of natural MMP
inhibitors such as polyphenols and flavonoids, which may offer fewer side effects than
synthetic inhibitors (Figure 6) [199].

Nanoparticle-

Based Delivery Polymeric NPs (PLGA, chitosan, PEG), Benefits: Controlled release, enhanced
Systems MMP inhibitor-loaded NPs (e.g, —— stability, wound penetration
¥ doxycycline)
i ) Hyaluronic acid-based hydrogels, Benefits: Moist wound environment
ROyl Davary | 4 Thermosensitive hydrogels (e.g.,' e prolonged drug release K

poloxamer-based)

Microneedle Dissolvable/Biodegradable Benefits: Painless, targeted deeper
Patches microneedles (PVP, hyaluronic —» wound penetration

acid)
Liposomal /"'"---H

SrpLEEEE Lipid-based vesicles Benefits: Sustained release, reduced

Novel Drug Delivery Approaches for DFUs

Systems | {O@ 1 encapsulating MMP inhibitors > systemic exposure
Electr
N::mg:z:‘: ECM-mimicking scaffold Benefits: High surface area, multiple
u;__ i | with MMP inhibitors therapeutic agent loading
Topical Gels and Emuigel systemsand ___ Benefits: Enhanced penetration,
Creams nanostructured lipid carriers prolonged retention
(NLCs)
S o
Biological | v &"";" .1 Decellularized tissues, synthetic Benefits: Structural support,
Scaffolds = ‘ - biomaterials — controlled inhibitor release

Figure 5.
Novel drug delivery approaches for DFUs.
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Figure 6.
Future directions for MMP inhibitors in DFUs.

7. Conclusion

Research on MMP-targeted therapies for diabetic wound healing underscores the
critical role of matrix metalloproteinases (MMPs) in the impaired healing process seen in
diabetic patients. Diabetic wounds often exhibit a dysregulated balance between MMPs
and their tissue inhibitors (TIMPs), resulting in excessive extracellular matrix (ECM)
degradation, chronic inflammation, and delayed tissue repair. Studies suggest that
MMP-targeted therapies, including synthetic inhibitors, natural compounds, and gene-
based approaches, show promise in preclinical models by restoring balance, enhancing
angiogenesis, reducing inflammation, and promoting wound closure. Selective MMP-9
inhibition has improved re-epithelialization and collagen deposition in diabetic models,
highlighting the potential of isoform-specific targeting. These therapies address the root
causes of impaired healing, potentially reducing chronic wounds, infections, and amputa-
tions. However, challenges in clinical translation include specificity concerns, off-target
effects, and the complex role of MMPs in wound healing. Broad-spectrum inhibitors have
shown adverse effects, emphasizing the need for selective approaches. Future research
should focus on developing targeted inhibitors, combination therapies with growth
factors or stem cells, and robust clinical trials. Advances in biomaterials and drug delivery,
such as nanoparticles and hydrogels, offer new opportunities for MMP modulation.
Interdisciplinary collaboration and innovation will be key to transforming diabetic wound
care and improving patient outcomes.

Abbreviations
DFU diabetic foot ulcer
MMP matrix metalloproteinase
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ECM
RAGE
TIMP
NO
TNF-a
AGE
FGF
VEGF
HGF
IL
NF-xB
TGF-B
ROS
AP-1
PDGF
eNOS
PAD
BBB
EGCG
MAPK
PI3K/Akt
IL-1p
IL-6
ERK
JNK
CAPE
PLGA
AuNP
SiRNA
ShRNA
PRP
HBOT
MSC
ASO
RNA
DNA
Al
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extracellular matrix

receptor for advanced glycation end products
tissue inhibitor of metalloproteinase
nitric oxide

tumor necrosis factor-alpha
advanced glycation end product
fibroblast growth factor

vascular endothelial growth factor
hepatocyte growth factor
interleukin

nuclear factor kappa-light-chain-enhancer of activated B cells
transforming growth factor-beta
reactive oxygen species

activator protein 1

platelet-derived growth factor
endothelial nitric oxide synthase
peripheral artery disease
blood-brain barrier
epigallocatechin-3-gallate
mitogen-activated protein kinase
phosphoinositide 3-kinase/protein kinase B
interleukin-1 beta

interleukin-6

extracellular signal-regulated kinase
c-Jun N-terminal kinase

caffeic acid phenethyl ester
poly(lactic-co-glycolic acid)

gold nanoparticle

small interfering RNA

short hairpin RNA

platelet-rich plasma

hyperbaric oxygen therapy
mesenchymal stem cell

antisense oligonucleotide
ribonucleic acid

deoxyribonucleic acid

artificial intelligence
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Abstract

Addressing post-traumatic lower limb neuropathic pain is challenging. Several
invasive and non-invasive approaches have been described with mixed results
including wide neurolysis, neurectomy, and neuroma resection. Recently, minimally
invasive techniques as adipose fat transfer showed good effectiveness and low com-
plication rate. Adipose fat transfer is surgical technique in which the patient’s own
fat is harvested and injected to regenerate another area. The aim of this chapter is to
examine the different techniques used to treat neuropathic pain after trauma and scar
entrapment, focusing on our experience on minimally invasive techniques such as
adipose fat transfer for scar regeneration and pain relief.

Keywords: neuropathic pain, regenerative surgery, adipose fat transfer, post-traumatic
pain, nerve surgery, selective denervation, chronic pain

1. Introduction

Post-traumatic neuropathic pain (PTNP) refers to a specific type of chronic pain
that arises because of an injury to the nervous system, typically following physi-
cal trauma [1, 2]. It is characterized by pain that results from nerve damage, which
may involve the mostly the peripheral nerves and the spinal cord. The pain is often
described as burning, tingling, stabbing, or shooting and is usually accompanied by
sensory disturbances such as hyperalgesia (increased sensitivity to pain) or allodynia
(pain from stimuli that do not normally provoke pain, like light touch) [3]. Unlike
acute pain, which typically resolves as the body heals, PTNP can persist long after the
initial injury has been treated. These symptoms not only cause physical discomfort
but also significantly affect mental and emotional well-being, leading to issues such as
anxiety, depression, and social withdrawal [4].

Post-traumatic neuropathic pain is a significant clinical issue, affecting many
individuals worldwide. The exact prevalence varies depending on the population
being studied, but it is estimated that approximately 10-30% of individuals with
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traumatic injuries will develop some form of neuropathic pain [5]. This can vary with
the type of injury, with those suffering spinal cord injuries, amputations, or severe
burns being at particular risk.

The impact of PTNP is multifaceted and profound. The chronic nature of the
pain can lead to decreased mobility, muscle atrophy, and loss of functionality in
the affected area, leading to physical disability [5, 6]. Chronic pain is a well-known
risk factor for developing mental health conditions such as depression, anxiety, and
post-traumatic stress disorder (PTSD). Patients with PTNP may experience feelings
of helplessness, frustration, and despair due to the drug resistant nature of their
pain [7]. This can impact the social and occupational aspect too. These patients often
face difficulty in maintaining work and social relationships. As a consequence the
financial burden is dramatic [5]. Chronic pain leads to substantial direct and indirect
costs, including frequent medical visits, physical therapy, medications and loss of
work ability.

Post-traumatic neuropathic pain can result from a variety of traumatic events,
including:

* Physical trauma: This is the most common cause, including motor vehicle acci-
dents, industrial accidents, combat injuries, falls, or sporting injuries. These
events often lead to direct injury to the nerves, such as lacerations, crush injuries,
or stretch injuries.

* Surgical interventions: In some cases, PTNP may develop after surgical proce-
dures, particularly when nerves are inadvertently damaged during surgery orasa
consequence of the post-operation scarring process.

* Amputation: One of the more specific forms of PTNP is phantom limb pain,
which occurs after an amputation. In this condition, patients feel pain in a limb
that no longer exists, often due to the brain’s response to the loss of sensory
input.

* Spinal covd injury: Injuries to the spinal cord can lead to widespread changes in
both the central and peripheral nervous systems, causing neuropathic pain below
the level of injury.

* Burns: Severe burns, particularly third-degree burns, can damage sensory nerves
and lead to chronic pain that is neuropathic in nature.

* Other traumatic events: Even less common injuries, such as gunshot wounds,
chemical exposures, or electrical burn, can lead to PTNP, depending on the
nerves that are affected.

Understanding the mechanisms behind PTNP requires a basic grasp of how the
nervous system processes pain.

The development of post-traumatic neuropathic pain involves complex neuro-
physiological processes. When nerves are damaged, whether through direct injury
or inflammation, they may begin to send abnormal pain signals to the cortex. This
abnormal signaling can cause persistent pain sensations, even when there is no
ongoing injury [8].
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Some of the key processes in the pathophysiology of PTNP include:
* Peripheral sensitization

* Central sensitization

* Ectopic activity

* Neuroinflammation

Damaged peripheral nerves become more sensitive, responding to stimuli that
would normally not be painful. This damage can cause the nerve fibers to send
abnormal signals to the cortex, even in the absence of a painful stimulus. Over time,
these abnormal signals can lead to changes in the central nervous system, a process
known as central sensitization. This makes the nervous system more sensitive to pain,
creating a vicious cycle that perpetuates discomfort. This amplifies the pain sensa-
tion. In this context, injured nerves can fire spontaneously, leading to pain sensation
not related to stimuli. The pain signals can be perpetuated by chronic inflammation
of nerves [9].

Traditional treatments for PTNP often focus on managing symptoms rather
than addressing the underlying causes. Medications such as antidepressants,
anticonvulsants, and opioids are commonly prescribed as first-line therapeutics,
but have limited efficacy and come with significant side effects. Physical therapy
and psychological support are essential components of a holistic treatment plan,
but may not provide sufficient relief for all patients. These challenges have driven
the development of minimally invasive techniques that target the sources of
pain more directly while reducing the risks associated with traditional surgical
procedures.

Minimally invasive treatments, such as nerve blocks, adipose fat transfer (AFT)),
and selective denervation, represent a paradigm shift in how PTNP is managed. These
approaches leverage advances in medical technology and regenerative medicine to
offer precise and effective solutions. They aim to not only alleviate pain, but also
improve nerve function and promote tissue healing, providing patients with a better
quality of life [10, 11].

This chapter provides an in-depth exploration of the minimally invasive options
available for PTNP, with a focus on their mechanisms, applications, and outcomes.
By understanding these innovative treatments, patients and healthcare providers can
make informed decisions about managing this debilitating condition.

2. Pathophysiology

The pathophysiology of post-traumatic neuropathic pain (PTNP) is multi-
faceted, involving a range of molecular, cellular, and neural adaptations that
occur following injury. These changes occur both in the peripheral nerves and the
central nervous system (CNS) and contribute to the abnormal and chronic pain
that characterizes neuropathic pain syndromes. The hallmark of PTNP is that pain
persists long after the tissue injury has healed, driven by maladaptive changes in
the nervous system itself.
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2.1 Peripheral sensitization

Peripheral sensitization refers to the increased responsiveness of sensory neurons
to stimuli in the area surrounding the injury. This phenomenon occurs as the result of
molecular changes within the injured nerves and the local environment in the tissues
surrounding the nerve.

* Release of inflammatory mediators: After a traumatic injury, inflammatory
mediators such as prostaglandins, bradykinin, substance P, interleukins, calci-
tonin gene-related peptide, and histamine are released by damaged tissues and
immune cells. These molecules directly activate pain receptors (nociceptors)
located on sensory nerve endings. They also enhance the excitability of these
neurons, making them more responsive to stimuli.

* Activation of toll-like receptors: Damage to the peripheral nerve or surrounding tis-
sues can activate the Toll-like receptors (TLRs) on the surface of immune cells. These
receptors play a crucial role in recognizing danger signals from the injured tissue
and triggering the release of pro-inflammatory cytokines and other mediators. This,
contributes to sustained inflammation and pain hypersensitivity at the site of injury.

* Ion channel modulation: Following nerve injury, ion channels in the nerve
membranes, particularly voltage-gated sodium channels (Nav), are altered. For
instance, Nav1.7 and Nav1.8 sodium channels are upregulated in injured nerves,
contributing to increased excitability of nociceptors. This reduction in the
threshold for firing means that normally non-painful stimuli, such as touch or
slight pressure, may be perceived as painful (allodynia).

* Neurotrophic factors and growth factors: In response to nerve injury, nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF) are upregulated. These
growth factors promote the survival and sensitization of neurons and contribute
to the persistence of pain signaling. NGF, in particular, increases the expression of
certain ion channels and receptors that enhance the pain signal transmission.

* Ectopic nerve activity: The damaged peripheral nerve can begin firing spontane-
ously or at irregular rates. This ectopic activity occurs due to changes in the excit-
ability of the nerve after injury. Injured axons may form neuromas, which are
clusters of abnormal nerve growths that can generate spontaneous pain signals,
even in the absence of external stimuli [1, 12].

2.2 Central sensitization

Central sensitization refers to the amplification of pain signals within the CNS,
particularly within the dorsal horn of the spinal cord, where peripheral sensory neu-
rons transmit their signals to second-order neurons. This process involves changes in
the spinal cord and brain that increase the sensitivity of pain pathways and cause the
nervous system to become more reactive to noxious and non-noxious stimuli alike.

* Glutamatergic transmission and NMDA (N-methyl-D-aspartate) receptor activa-
tion: One of the central mechanisms in sensitization is the increased release of
the excitatory neurotransmitter glutamate in the dorsal horn of the spinal cord.
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Glutamate binds to NMDA receptors on spinal neurons, leading to an increase in
calcium influx. This influx of calcium enhances the transmission of pain signals and
leads to synaptic plasticity, making pain pathways more efficient and persistent [9].

* Wind-up phenomenon: Wind-up is a process that occurs when repeated stimula-

tion of sensory neurons in the spinal cord leads to a progressive increase in pain
perception. This is caused by a long-term potentiation (LTP) of synapses in the
dorsal horn, resulting in an exaggerated response to pain stimuli. This mecha-
nism is thought to be responsible for the heightened sensitivity to pain, even in
the absence of an ongoing injury [9, 13].

* Increased sensory processing: The somatosensory cortex and thalamus, which are

key brain regions responsible for pain perception, may also undergo neuroplastic
changes as a result of chronic pain. These changes lead to an increased sensitivity
to pain (hyperalgesia) and the phenomenon of allodynia (pain from non-painful
stimuli). This occurs because these brain regions “re-map” pain perception in
response to chronic pain, leading to an amplification of sensory input [9, 13].

* Reduced inhibitory control: Under normal conditions, inhibitory neurons in

the spinal cord (such as those utilizing GABA or glycine) help to dampen exces-
sive pain signaling. However, in PTNP, these inhibitory pathways can become
dysfunctional. A reduction in inhibitory signaling from the descending pain
control pathways (which include serotonergic and noradrenergic systems) allows
pain signals to be transmitted without adequate regulation, thus amplifying the
pain experience [9, 13].

* Microglial activation: Microglia, the resident immune cells of the CNS, become

activated following nerve injury and play a significant role in central sensitization.
These cells release pro-inflammatory cytokines (e.g., TNF-alpha, IL-1p, IL-6) that
increase the excitability of spinal cord neurons and contribute to the persistent
pain state. Microglial activation is particularly important in chronic pain states, as
they contribute to the sustained central amplification of pain signals [9].

2.3 Neuroinflammation

Neuroinflammation is a critical factor in the maintenance and progression of

PTNP. The activation of immune cells and the release of inflammatory mediators both
in the periphery and within the CNS can perpetuate pain.
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* Peripheral neuroinflammation: Following traumatic nerve injury, there is often

an influx of immune cells, such as macrophages, which release pro-inflammatory
cytokines (e.g., TNF-alpha, IL-6) and chemokines. These mediators sensitize

the peripheral nociceptors and increase pain transmission by enhancing nerve
excitability. Chronic inflammation can also lead to tissue remodeling, further
contributing to pain [3, 9].

* CNS neuroinflammation: After a peripheral injury, neuroinflammation spreads

to the spinal cord and brain, where it activates microglia and astrocytes.
These glial cells release additional pro-inflammatory cytokines and chemo-
kines that sensitize pain-processing neurons in the spinal cord. This spinal
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neuroinflammation is a key driver of central sensitization and contributes to the
persistence of pain even when the original injury has healed [3, 9].

* Astrocyte activation: Astrocytes, another type of glial cell in the spinal cord and
brain, become activated after injury. In the case of PTNP, activated astrocytes
release signaling molecules such as glutamate, ATP, and pro-inflammatory cyto-
kines, which contribute to the hyperactivity of pain-processing neurons and the
amplification of pain signals. Astrocytes play a pivotal role in mediating the cross-
talk between neurons and glial cells, which amplifies and sustains pain [3, 9].

2.4 Ectopic activity and abnormal nerve firing

Ectopic activity refers to the abnormal firing of neurons following injury. This
occurs both in peripheral nerves and in the spinal cord, and it is a major contributor
to the experience of neuropathic pain.

* Peripheral ectopic activity: In response to nerve injury, peripheral axons can
form neuromas—clumps of disorganized nerve fibers. These neuromas are prone
to spontaneous firing and can generate abnormal pain signals that are transmit-
ted to the spinal cord. This is one of the key mechanisms by which pain becomes
persistent and independent of the original injury [14].

* Spinal cord ectopic activity: In the dorsal horn of the spinal cord, damaged
sensory neurons can transmit abnormal signals to second-order neurons, even
in the absence of external stimuli. This ectopic firing leads to an ongoing pain
experience, including spontaneous pain and allodynia [14].

2.5 Descending modulation dysfunction

The descending pain modulation system involves pathways from the brainstem to
the spinal cord that help to regulate pain. In PTNP, these pathways are often impaired.

* Dysfunction of descending inhibition: The brain has an innate ability to modu-
late pain through inhibitory pathways, which releases neurotransmitters such as
serotonin and norepinephrine. These pathways normally reduce the transmission
of pain signals from the spinal cord to the brain. However, in PTNP, there is often
impaired descending inhibition, leading to reduced control over pain signals and
contributing to the persistence of pain.

* Increased facilitation: In contrast, facilitatory pathways—such as those involving
the neurotransmitter glutamate—may become upregulated after injury. This leads
to an increase in pain signal transmission, further enhancing pain perception [12].

The pathophysiology of post-traumatic neuropathic pain (PTNP) is rooted in
complex molecular and cellular processes involving peripheral sensitization, central
sensitization, neuroinflammation, abnormal nerve activity, and dysfunction in
descending pain control systems. Together, these factors create a persistent, maladap-
tive pain state that can be difficult to treat. Understanding the mechanisms at the
molecular, cellular, and system levels is critical for developing targeted therapies that
address the underlying causes of PTNP, rather than merely masking its symptoms.
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This detailed understanding provides the foundation for effective interventions aimed
at breaking the cycle of pain amplification and improving the patient outcomes.

3. Diagnosis

Diagnosing post-traumatic neuropathic pain (PTNP) requires a comprehensive
approach, combining clinical assessment, detailed patient history, and diagnostic tests.
PTNP is a complex condition where nerve damage following an injury leads to chronic,
persistent pain, and diagnosing it accurately is crucial for determining the most appro-
priate treatment plan. The goal of diagnosis is to confirm that the pain is neuropathic in
nature and that it arises from damage to the peripheral or central nervous system, rather
than from other pain sources such as nociceptive pain or inflammatory pain [1, 10, 11].

3.1 Patient history

A thorough patient history is a critical first step in diagnosing PTNP. The clinician
should focus on several key aspects:

Nature of the trauma: The history should include a detailed description of the
traumatic event, including the type of injury (e.g., blunt force trauma, fracture,
laceration, burn, surgical procedure, amputation) and the body areas affected.
Certain types of injuries are more likely to lead to neuropathic pain, such as spinal
cord injuries, nerve lacerations, or severe burns.

Pain characteristics and intensity: Describing the quality of the pain is central to
diagnosing neuropathic pain. Patients typically describe PTNP as burning, shooting,
stabbing, electric shock-like, or tingling. The clinician should inquire about the pain’s
intensity, location, and specific triggers, as well as any changes in pain sensation over
time. The presence of spontaneous pain (pain without external stimuli) and paroxysmal
pain (pain that comes in sudden bursts) are important indicators of neuropathic pain.

Onset and duration of pain: The clinician should establish when the pain started
in relation to the trauma. PTNP typically persists for weeks or months after the initial
injury, with some patients experiencing pain long after the tissue has healed. The
onset of pain is often delayed, and it may not appear immediately after the injury.

Sensory disturbances: A history of sensory changes, such as numbness, tingling
(paresthesia), or hyperalgesia (increased pain sensitivity), should be noted. Additionally,
allodynia (pain in response to non-painful stimuli, such as light touch or brushing cloth-
ing) is a hallmark symptom of neuropathic pain and should be specifically queried.

Comorbidities and risk factors: The clinician should assess the patient’s medical
history to identify risk factors for neuropathic pain. This includes conditions such as
diabetes mellitus, vascular disease, previous surgeries that may have affected nerves and
infections (e.g., shingles). Psychological conditions, such as depression or anxiety, are
also common in patients with chronic pain and may exacerbate the perception of pain.

3.2 Clinical examination

A comprehensive clinical examination helps identify the location, severity, and
nature of neuropathic pain, and it is essential for determining whether the pain is due
to nerve injury.

Sensory testing: Sensory function is assessed through a variety of tests that evalu-
ate the presence of neuropathy or nerve damage [15]:
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Light touch: A cotton wisp or monofilament can be used to test the skin’s sensitiv-
ity to light touch. Decreased or absent sensation may suggest nerve damage.

Pinprick sensation: This test involves pricking the skin with a sterile pin to assess
the patient’s ability to feel sharp stimuli. An abnormal response, such as hypersensi-
tivity or the inability to feel the stimulus, may indicate neuropathy.

Temperature sensation: Using cold or warm objects, the clinician can test the abil-
ity to distinguish between hot and cold sensations.

Vibration sense: Vibration is tested by applying a tuning fork over bony promi-
nences to assess the function of the large nerve fibers responsible for proprioception
and vibration sense.

Motor function: Motor function should be tested to assess whether the nerve
damage has affected the motor components of the nerve. This includes checking for
muscle weakness, atrophy, or abnormal reflexes. Nerve damage can result in weak-
ness, paralysis, or diminished reflexes in the affected areas.

Deep tendon reflexes (DTRs): Reflexes are checked for abnormalities such as
hyperreflexia (increased reflex responses) or hyporeflexia (diminished or absent
reflexes), which can be signs of nerve dysfunction.

Hyperalgesia and allodynia testing: The presence of hyperalgesia (exaggerated
pain in response to normally painful stimuli) and allodynia (pain caused by non-
painful stimuli) is a hallmark of neuropathic pain. The clinician should use light
touch, pressure, and thermal stimuli to assess the presence of these phenomena. For
example, gently brushing the skin with a cotton swab or applying light pressure to the
skin can reveal whether the patient experiences pain from non-noxious stimuli.

3.3 Diagnostic imaging

While imaging studies are not typically used to diagnose neuropathic pain, they
can be helpful in ruling out other potential causes of pain or assessing the extent of
nerve damage [16]:

Ultrasound and dynamic ultrasound: Static and dynamic ultrasound may identify
focal caliber changes, or adherences to scar tissue along the course of the studied
nerve.

Magnetic resonance imaging (MRI): MRI is often used to visualize soft tissue
damage, including the spinal cord, nerve roots, and peripheral nerves. MRI can
identify structural damage, such as spinal cord compression, herniated discs, or nerve
impingement, which might contribute to PTNP. Functional MRI (fMRI) can be used
in research settings to study brain activity related to pain perception [10].

Computed tomography (CT) Scan: CT scans are useful for assessing bone frac-
tures or structural abnormalities that may be affecting nerve function. For example,
after a traumatic injury or surgery, a CT scan can identify bone spurs or fractures that
may be compressing peripheral or spinal nerves [10].

X-rays: Standard X-rays may be used to rule out fractures or dislocations that
could be causing nerve compression or injury.

3.4 Electrophysiological studies (nerve conduction studies and
electromyography - EMG)

Electrodiagnostic tests are important for assessing the integrity and function of
peripheral nerves. These tests may help distinguish between neuropathic and muscu-
loskeletal pain sources [17].
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Nerve conduction studies (NCS): NCS measure the speed at which electrical
signals travel along a nerve. Slower conduction speeds or decreased amplitudes of
nerve signals can indicate nerve damage or dysfunction. This test can help localize the
site of injury and assess the degree of nerve involvement in PTNP.

Electromyography (EMG): EMG measures the electrical activity of muscles at rest
and during contraction. It can identify neuropathy, radiculopathy, or other conditions
affecting the motor nerves. Abnormal spontaneous activity or low-amplitude motor
unit potentials suggest nerve damage.

Quantitative sensory testing (QST): QST is a more specialized test used to evalu-
ate sensory nerve function. It involves applying controlled stimuli (such as pressure,
vibration, or temperature) to different skin areas and measuring the patient’s sensory
response. This can help determine whether there is any abnormal sensory processing
or central sensitization [17].

3.5 Pain scales and questionnaires

Standardized pain assessment tools are used to evaluate the intensity, quality, and
impact of pain on daily life. These tools help to quantify pain and provide a systematic
approach to diagnosis and management.

Visual analog scale (VAS): VAS is a simple method for assessing pain intensity. The
patient rates their pain on a scale from 0 (no pain) to 10 (worst pain imaginable). In
our opinion, the ease of application makes this scale the most useful (Figure1).

PTNP arises often early or immediately after the injury and is most of times
unremitting.

Neuropathic pain scale (NPS): The NPS is specifically designed to assess the sensory
and emotional characteristics of neuropathic pain, including pain quality (burning,
shooting), and the presence of sensory disturbances (e.g., allodynia or hyperalgesia).

Douleur neuropathique 4 (DN4): The DN4 questionnaire is a widely used screen-
ing tool for diagnosing neuropathic pain. It includes questions about pain quality and
specific sensory disturbances, such as the presence of burning sensations, shooting
pains, and skin hypersensitivity.

McGill pain questionnaire: This tool assesses both the sensory and affective
dimensions of pain. It helps to capture the complexity of neuropathic pain, which
is often more than just physical discomfort and involves emotional and cognitive
components [18, 19].

No Moderate Worst
Pain Pain Pain

1 5

Visual Analogue Scale

Figure 1.
Visual analogue scale (VAS) for pain assessment.
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3.6 Differential diagnosis

One of the most challenging aspects of diagnosing PTNP is distinguishing it from
other types of pain. Differential diagnoses should rule out:

Nociceptive pain: This is the pain resulting from injury to tissues, such as bone,
muscle, or skin. Nociceptive pain typically responds well to analgesics and anti-inflam-
matory drugs, unlike neuropathic pain, which may require other therapeutic approaches.

Visceral pain: Pain arising from internal organs can sometimes mimic neuropathic
pain. Conditions such as gastrointestinal or cardiovascular problems should be ruled
out if symptoms overlap.

Psychogenic pain: Although psychogenic factors (e.g., stress, anxiety) can exac-
erbate pain, they are not the primary cause of PTNP. However, clinicians should
consider whether a psychological component contributes to the pain experience.

Diagnosing post-traumatic neuropathic pain requires careful and comprehensive
evaluation using a combination of detailed patient history, clinical examination,
diagnostic imaging, electrophysiological testing, and pain scales. The goal is to
differentiate PTNP from other types of pain, confirm the presence of nerve damage,
and identify the most appropriate treatment approach. Early and accurate diagnosis is
crucial for effectively managing PTNP and improving the patient’s quality of life.

4. Treatment

The treatment of post-traumatic neuropathic pain (PTNP) involves a range of thera-
peutic options that span from pharmacological interventions to more invasive surgical
procedures. Pharmacological treatments, such as antidepressants and anticonvulsants,
are often the first line of defense, targeting the underlying mechanisms of nerve pain.

If these medications are insufficient, interventional techniques such as nerve blocks,
spinal cord stimulation, and radiofrequency ablation may be considered. In cases where
pain persists despite other approaches, surgical options, including nerve decompression,
neurolysis, adipose fat transfer, or selective denervation, offer a more definitive solu-
tion. A multimodal, personalized treatment strategy is typically employed to manage
PTNP effectively, with a focus on improving quality of life and reducing pain [10, 11].

4.1 Physical therapy

Physical therapy (PT) is a crucial part of managing lower limb neuropathic pain
(LLNP), especially for chronic pain that does not respond to pharmacological treatments
alone. PT focuses on improving function, reducing pain, and enhancing quality of life
through non-invasive techniques, including exercises and various modalities [20].

4.1.1 Goals of physical therapy

* Pain reduction: PT can reduce pain by improving circulation, stimulating endor-
phin release, and using methods such as TENS or heat/cold therapy.

¢ Improved mobility and function: By strengthening muscles, improving flex-

ibility, and correcting gait abnormalities, PT restores movement and prevents
muscle atrophy and joint stiffness.
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* Prevention of complications: PT prevents complications, such as muscle wasting,
contractures, and joint instability, commonly seen in long-term neuropathic
pain.

* Balance and coordination: PT helps improve balance and proprioception, reduc-
ing the risk of falls and promoting functional independence [20].

4.1.2 Physical therapy techniques

* Strengthening: Focuses on strengthening muscles, especially in the quadriceps,
hamstrings, and calves, to reduce joint strain.

* Stretching and flexibility: Targets improved range of motion, reducing muscle
tightness and joint stiffness.

* Aerobic conditioning: Low-impact activities such as walking or cycling improve
overall fitness and reduce pain.

4.1.3 Modalities
* TENS: Uses electrical currents to block pain signals.

* Heat and cold therapy: Reduces muscle spasms, inflammation, and pain through
the application of heat or cold.

¢ Ultrasound therapy: Uses sound waves to promote healing and reduce deep tissue
inflammation.

* Manual therapy:

* Joint mobilization: Helps improve flexibility and alleviate pain through con-
trolled joint movements.

* Soft tissue mobilization: Reduces muscle tightness and spasms through massage
techniques.

* Neuromuscular re-education: Helps retrain the nervous system to improve bal-
ance and movement, focusing on gait and proprioception exercises.

Treating LLNP with physical therapy can be challenging due to the heightened
pain sensitivity associated with neuropathic conditions. It requires careful tailoring
of exercises to avoid exacerbating pain while ensuring effectiveness. Psychological
factors such as anxiety or depression can also affect patient engagement, requiring a
holistic approach that may involve addressing emotional barriers.

Through targeted exercises, modalities, and manual therapy, PT can enhance
mobility and quality of life, especially when combined with other pharmacological
and interventional treatments. A patient-specific approach is essential for maximiz-
ing effectiveness and ensuring successful outcomes [21].
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4.2 Pharmacological treatment

Pharmacological treatment is generally the first line for managing post-traumatic
neuropathic pain (PTNP), especially when the pain is severe or difficult to control
with non-pharmacological methods alone. A multimodal approach is often used,
combining different classes of drugs to maximize efficacy and minimize side effects.
Below is a detailed overview of the primary classes of medications used in the phar-
macological management of PTNP [22, 23].

4.2.1 First-line medications

The first-line pharmacological treatments for PTNP typically include antidepres-
sants and anticonvulsants, as these medications have been shown to be effective in
modulating neuropathic pain mechanisms, particularly in terms of central sensitiza-
tion and abnormal nerve firing.

4.2.1.1 Antidepressants

Certain antidepressants are particularly effective in treating neuropathic pain,
even in the absence of a mood disorder. These medications target neurotransmitters
such as serotonin and norepinephrine, which are involved in pain modulation.

Tricyclic antidepressants (TCAs) block the reuptake of norepinephrine and sero-
tonin, which enhances the activity of these neurotransmitters in the pain-processing
pathways in the brain and spinal cord. They also have an anticholinergic effect and
can block sodium channels, which contributes to their analgesic effect.

Serotonin-norepinephrine reuptake inhibitors (SNRIs) block the reuptake of both
serotonin and norepinephrine, which play key roles in descending pain modulation.
By increasing the levels of these neurotransmitters in the spinal cord, SNRIs can
reduce the transmission of pain signals [23].

4.2.1.2 Anticonvulsants

Anticonvulsants are often used as first-line agents because they target mechanisms
involved in abnormal neuronal firing, which is a hallmark of neuropathic pain.

Gabapentinoids: Both gabapentin and pregabalin bind to the alpha-2-delta subunit
of voltage-gated calcium channels. Examples: gabapentin (neurontin), pregabalin
(Lyrica) [24].

4.3 Second-line medications

If first-line medications are insufficient or cause intolerable side effects, second-
line treatments are considered. These include opioids, topical treatments, and local
anesthetics.
4.3.1 Opioids

While opioids are not typically the first choice for neuropathic pain due to con-

cerns about tolerance, dependence, and side effects, they may be appropriate for
patients with severe PTNP who have not responded adequately to other treatments.
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Opioids primarily bind to mu-opioid receptors in the brain and spinal cord,
blocking pain signals. In the case of tramadol and tapentadol, these medications also
inhibit the reuptake of serotonin and norepinephrine, contributing to their analgesic
effects.

4.3.2 Topical treatments

Topical treatments can be highly effective for localized neuropathic pain and often
have fewer systemic side effects compared to oral medications.

Lidocaine patches: Lidocaine is a local anesthetic that works by blocking sodium
channels, which prevents the transmission of pain signals along nerve fibers.

Capsaicin cream (8%): Capsaicin is derived from chili peppers and works by
depleting substance P, a neuropeptide involved in pain transmission, from sensory
nerve terminals.

4.3.3 Topical gabapentinoids

Topical gabapentinoids, like gabapentin gel, are emerging as a novel treatment
for localized neuropathic pain. Though not yet widely available, these gels may
offer an alternative to oral medications, with potentially fewer systemic side effects
(Figure 2).
4.4 Adjunctive medications

These medications are not typically used as primary treatments but may be pre-

scribed in conjunction with other drugs for more comprehensive pain management.

Neuropathic
Pain

Other Peripheral
or Central
Neuropathic Pain

Focal Peripheral
Neuropathic Pain

SNRI
Lidocaine Plasters Gabapentin

Tric yclic
Antidepressants

HF-rTMS of M1
Spinal Cord Stimulation
Strong Opioids Alone or in Combination

Figure 2.
Flowchart for pharmacological treatment (Moisset et al.).
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4.4.1 Anti-seigure medications

In some cases, other antiepileptic drugs (AEDs) beyond gabapentinoids are
considered for neuropathic pain.

Carbamazepine: Frequently used for trigeminal neuralgia, carbamazepine stabi-
lizes hyperexcitable nerve membranes. It is usually not first-line for PTNP but may be
used in certain situations where the pain is localized to a specific nerve distribution.

4.4.2 Baclofen (muscle relaxant)

Baclofen is a GABA-B receptor agonist that inhibits presynaptic release of excit-
atory neurotransmitters in the CNS. It is sometimes used for muscle spasms associ-
ated with PTNP, especially in cases involving spinal cord injury [1, 23].

4.5 Nerve block

A nerve block involves the injection of local anesthetic or other agents around
a specific nerve or group of nerves to reduce pain transmission. In the case of post-
traumatic neuropathic pain (PTNP) affecting the lower limb, ultrasound-guided
nerve blocks are used to block the pain signals transmitted from the injured nerves to
the brain. This can provide temporary or, in some cases, long-lasting relief [25].

4.5.1 Mechanism of action

Nerve blocks work by interrupting the transmission of pain signals along the
nerves. Local anesthetics, such as lidocaine, bupivacaine, or ropivacaine, are com-
monly used in nerve block procedures. These anesthetics work by binding to sodium
channels on nerve fibers, preventing the propagation of action potentials that trans-
mit pain. In addition to local anesthetics, nerve blocks can sometimes include steroids
or anti-inflammatory agents to reduce inflammation around the nerve and improve
the duration of pain relief [26].

4.5.2 Types of nerve blocks for lower limb neuropathic pain

Several specific nerve blocks may be employed depending on the source and
distribution of pain in the lower limb:

Sciatic nerve block: The sciatic nerve, which provides sensation and motor func-
tion to the lower limb, is often targeted when neuropathic pain is felt in the thigh,
lower leg, or foot. A sciatic nerve block can be performed at different points along the
nerve’s course, depending on the location of pain.

Femoral nerve block: This block targets the femoral nerve, which supplies the ante-
rior and medial aspects of the thigh, as well as the hip and knee. A femoral nerve block
is commonly used for knee or hip pain, including after surgical procedures or trauma.

Lumbar plexus block: In cases of more widespread lower limb neuropathic pain, a
lumbar plexus block, also known as a psoas compartment block, may be used to target
a broader range of nerves that supply the lower extremities. It is often employed for
pain relief following hip or pelvic trauma.

Saphenous nerve block: The saphenous nerve, which is a branch of the femoral nerve,
can be blocked when the pain is localized to the medial aspect of the lower leg or foot,
such as in cases of post-traumatic pain from knee surgery or fractures (Figure 3) [27].
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Indications

Key Anatomy

Nerve stimulation
response

Tips

Femoral Nerve Block

Sciatic Nerve Block

Popliteal Block

Saphenous Block

Analgesia on Femour,
anterior thight and
knee

Analgesia below the
knee

Analgesiaon ankle
and foot

Supplement to
popliteal and sciatic
blocks

Femoral nerve lateral
to femoral artery,
below fasciailiaca

Sciatic nerve under
gluteus maximum
muscle

Presence of common
epineural scheet of
sciatic nerve

Femoral artery below
sartorius muscle,
nerve often not seen

Quadriceps muscle
contraction

Twitch of foot or calf

Twitch of foot or toes

Paresthesia of the
medial aspect of the
lower leg

If Femoral nerve not
seen, track the iliac
fascia medially
towards Femoral
nerve

Needle should go in
proximity of the nerve
sheet either at lateral
or medial aspect of
Sciatic Nerve

Injection can be made
more proximally at
either medial or lateral
aspect of Sciatic
Nervein proximity to
epidural sheet

If identification of the
nerve is difficutl try to
track it more
proximally

Figure 3.

Lower limb nerve blocks (kind concession of NYSORA).

4.5.3 Indications for nerve blocks

Nerve blocks are typically indicated when PTNP is localized to a specific nerve
or group of nerves, and when conservative pharmacological treatments have proven

ineffective.

They are often used as:
Diagnostic tools to determine whether a particular nerve is the source of pain.
Therapeutic treatments for pain relief, providing both short-term and long-term

symptom controls.
Part of a multidisciplinary pain management strategy, including physical therapy
or rehabilitation.

4.5.4 Procedure

Technique: Nerve blocks are typically performed using ultrasound guidance to
ensure precise placement of the needle near the nerve, while avoiding intraneural
injections that can cause nerve fiber disruption and neuromas. The local anesthetic
is injected slowly around the nerve, dissecting adherences and causing temporary
blockage of the nerve’s ability to transmit pain signals.

Duration: The effects of a nerve block can vary. Local anesthetics typically provide
relief for several hours to days. When combined with steroids or other medications,
the antalgic/anti-inflammatory effect can last longer.

4.5.5 Outcomes and benefits

Pain relief: Nerve blocks provide temporary yet significant pain relief, helping to
identify the source of pain in preparation for other interventional treatments.

Reduced need for systemic medications: By targeting the source of pain directly,
nerve blocks can reduce the need for systemic pain medications like opioids, helping
to minimize side effects and improve patient quality of life.
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4.5.6 Risks and side effects

Temporary numbness or weakness: Patients will experience temporary numbness
and possibly muscle weakness.

Infection or bleeding: As with any procedure involving injections, there is a small
risk of infection or bleeding at the injection site.

Nerve injury: Although rare, there is a risk of nerve injury due to improper needle
placement. This risk is significantly reduced by proper ultrasound guidance.

Allergic reaction: Some patients may have an allergic reaction to the local anes-
thetic or corticosteroids used in the block.

Nerve blocks are typically indicated when PTNP is attributable to a specific nerve
or group of nerves, and when conservative pharmacological treatments have proven
ineffective. They are often used as diagnostic tools to determine whether a particular
nerve is the source of pain.

The overall benefit of nerve blocks is to obtain pain relief reducing the need for
medications while identifying the exact target for therapeutic procedures such as
adipose fat transfer or surgery [26, 27].

4.6 Adipose fat transfer

Adipose fat transfer (AFT) is emerging as a promising approach for the minimally
invasive management of post-traumatic neuropathic pain. Adipose tissue is rich in
stem cells, growth factors, stromal and vascular cells, and anti-inflammatory media-
tors. Together, these properties offer a potential pathway for both pain relief and
tissue regeneration (Figure 4) [10, 28].

4.6.1 Mechanisms of action

AFT harnesses adipose-derived stem cells (ADSCs), stromal vascular fraction,
and vascular cells secreting stimulating growth factors such as vascular endothelial
growth factor (VEGF) and nerve growth factor (NGF). These factors support the
repair and regeneration of injured tissues including nerves. At the same time, fat
grafts act as a cushioning layer, dissecting the nerve from the scar adherences and
allowing for decreased mechanical pressure from scar tissue and nerve gliding. This
effect is particularly beneficial for pain resulting from scar adhesions.

Figure 4.
Adipose fat transfer (Pietramaggiori et al.).
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Adipose tissue itself secretes other cytokines such as adiponectin and interleukin-10.
Their anti-inflammatory properties contribute to resolve chronic inflammation.

4.6.2 Procedural steps

The donor site for fat tissue, typically the abdomen or flanks, is thoroughly prepped
and draped for the procedure. A tumescent solution, consisting of 0.5 L of NaCl and
0.5 mg of epinephrine, is injected into the subcutaneous tissue using an infiltration
cannula (Gems tumescent Infiltrator, 2.1 mm 14G, Tulip Medical, USA). For each zone,
approximately 200 ml of the solution was administered, targeting the lower abdomen,
the area beneath the umbilicus, and the flanks. Lidocaine is generally not added to the
solution to avoid potential lipotoxic effects. After allowing 10 to 15 minutes for the epi-
nephrine to take effect, fat is harvested using an 18G blunt cannula, which is connected
to a 20 cc luer-lock syringe, pre-filled with 5 ml of Ringer’s solution.

The harvested adipose tissue is rinsed several times (3-5) with Ringer’s solution
until it becomes yellow and clear, indicating no blood contamination. Following fat
extraction, 20 cc of 1% lidocaine and epinephrine is injected into the donor site to
minimize post-operative discomfort. The processed fat is then transferred into 1 cc
syringes and injected into the target subcutaneous area using an 18G blunt cannula
(Gems spoon tip injector, 2.1 mm, Tulip Medical, USA). The injection is done using
a fanning technique to help dissect adhesions beneath scar tissue and reconstruct
the subcutaneous tissue layer. To minimize tissue damage, bleeding, and prevent the
formation of cysts, no sharp cannulas are used, and the fat is injected in small aliquots
while retracting the cannula (Figure5).

The average amount of fat transferred is 15 cc, depending on the size of the
affected area (typically 10-20 cm?). After the fat injection, a double-layer bandage is
applied: a cotton layer in contact with the skin to help warm the lymph, followed by
an elastic bandage to reduce swelling and prevent shear forces. Patients are instructed
to avoid prolonged standing position for 5 days to decrease edema [10, 29, 30].

4.6.3 Clinical applications

Scar-related neuropathic pain: following trauma or surgery, scar tissue may affect
the nerves by causing entrapments or adhesions. AFT acts as a biological interface

Figure 5.
Fat preparation.
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that cushions and separates the nerves from the scar tissue, reducing pain due to
nerve-scar adhesions.

Neuroma management: Neuromas, painful nerve growths resulting from direct
nerve injury, can be alleviated by AFT. The fat graft provides an anti-inflammatory
interface reducing the pressure and tension on the nerve.

Post-surgical pain syndromes: AFT has shown promise in managing chronic
neuropathic pain after surgeries such as knee arthroplasties, ankle surgeries, neu-
rosurgery, or amputations, where nerve branches are entrapped in scar tissue. By
promoting tissue healing and regeneration, AFT addresses both the mechanical and
inflammatory aspects of post-surgical pain [10, 29, 30].

4.6.4 Outcomes and evidence

Clinical studies have demonstrated significant efficacy of AFT in reducing pain
and improving function. In a study of patients with post-traumatic neuropathic pain
and allodynia, over 80% of those treated with AFT reported significant (>50%) and
long-lasting pain relief. Moreover, patients experienced less reliance on analgesics and
increased ability to work, demonstrating the long-term effectiveness of this treatment
in addressing both pain and tissue regeneration [10].

4.6.5 Innovations and research

Recent advancements in AFT, such as the use of stromal vascular fraction (SVF)-
enriched fat grafting, may enhance the regenerative potential of adipose tissue by
concentrating stem cells and growth factors. Additionally, improved imaging-guided
injection techniques have increased the precision and efficacy of the procedure,
minimized complications, and optimized outcomes [31].

Ongoing research is exploring different harvesting and injection techniques and
the combinations of AFT with other regenerative therapies, such as platelet-rich
plasma (PRP), exosomes, and adipose-derived stem cells to further enhance the
regenerative potentials and therapeutic outcomes.

Adipose fat transfer (AFT) represents a novel and promising approach to manag-
ing post-traumatic neuropathic pain. By leveraging the regenerative properties of
adipose tissue, AFT not only alleviates pain but also promotes tissue regeneration. As
the technique evolves, it holds great potential as a minimally invasive and effective
option for managing complex pain conditions.

4.7 Selective denervation

Selective denervation is a precise, minimally invasive procedure focused on inter-
rupting pain signals along specific nerve pathways, particularly useful for treating
localized neuropathic pain not responding to conventional or less invasive treatments.
This technique is especially beneficial for patients with chronic pain following trauma
or surgery, where traditional approaches have failed [11, 32].

4.7.1 Mechanisms and objectives

Targeted injured nerve branch ablation: The primary mechanism of selec-
tive denervation is the targeted disruption of terminally injured nerve branches
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responsible for transmitting pain signals, thus providing focused pain relief while
preserving the function of surrounding, unaffected nerves. By interrupting only
those nerve fibers involved in pain transmission, this approach minimizes collateral
damage to sensory and motor functions, ensuring that other functions, like move-
ment and sensation, are preserved [11, 32, 33].

Neuroma prevention: Combining denervation with adjunctive therapies such
as adipose fat transfer (AFT) or muscle burial, selective denervation helps mitigate the
formation of painful neuromas. The soft tissue environment created by the fat grafts
supports nerve healing and reduces the risk of scar tissue formation, thus promoting
better outcomes and preventing the recurrence of nerve pain [33].

4.7.2 Procedural steps

Pre-operative planning: Before the denervation procedure, diagnostic nerve blocks
are performed to identify which nerve branches are responsible for the pain and the
exact, most distal level where the procedure should take place. Imaging techniques
such as high-resolution ultrasound and targeted nerve blocks are used to ensure
precise localization of the level of the surgical procedure.

Neuroma/Injured nerve branches Ablation: Once the target nerves are identified,
they are surgically resected using minimally invasive techniques.

Adjunctive measures: To further improve outcomes, fat grafting, muscle embedding,
or targeted muscle reinnervation may be used to guide nerve regrowth and prevent
recurrence of pain. These soft tissue interventions reduce the risk of scar and adher-
ence formation and provide a more supportive environment for nerve healing [11].

4.7.3 Applications and indications

Selective denervation is effective for various chronic pain conditions, particularly
post-traumatic where scarring affects directly nerve integrity. Common applications
include the following:

Chronic knee pain: Selective denervation has shown significant success in manag-
ing post-surgical knee pain, particularly following procedures like total knee replace-
ment. By targeting specific nerve branches responsible for joint and surrounding
tissue innervation, this technique offers relief for patients with persistent pain after
surgery.

Ankle and foot neuropathies: Peripheral nerve injuries around the ankle and foot,
such as post-surgical injury to the peroneal nerve, are classic indications for selective
denervation.

Neuromas: Neuromas, or painful nerve growths that develop after nerve injury,
can be effectively managed with selective denervation. By removing the source of
nerve irritation, the technique provides relief for patients with painful neuromas
following trauma or surgery.

4.7.4 Case studies and evidence

In a clinical case series, patients undergoing selective denervation for knee pain
reported a significant reduction in pain, with an average reduction of 70% on the
visual analog scale (VAS). Functional improvements, such as increased mobility and
reduced reliance on mobility aids, were also noted. Combining selective denervation
with adipose fat transfer (AFT) has been shown to improve long-term outcomes by
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Figure 6.
Selective denervation of deep peroneal nerve (case from Pietramaggiori et al.).

reducing scar adhesion and promoting better tissue healing, enhancing the overall
success of the procedure [10, 11].

While selective denervation offers highly targeted pain relief, it requires meticu-
lous planning and technical expertise. One of the main challenges of this procedure is
the precise identification of the pain-producing nerve branches, as improper selection
can lead to incomplete pain relief or unnecessary sacrifice of functional structures.
Additionally, potential risks include sensory deficits, incomplete pain relief, and the
recurrence of pain due to factors such as nerve regeneration or neuroma formation.
These risks are decreased using ancillary techniques such as AFT, muscle burial, and
targeted muscle reinnervation (Figure 6).

5. Advantages and challenges

The appeal of minimally invasive surgical treatments lies in their ability to deliver
targeted pain relief with minimal disruption to patients’ daily lives.

Due to lack of specialized training, multidisciplinary approaches such as a radiolo-
gist specialized in ultrasound diagnostics working with the surgeon or inadequate
procedural technique can result in suboptimal results.

5.1 Radiofrequency ablation

Radiofrequency ablation (RFA) is a minimally invasive procedure used to tempo-
rarily alleviate chronic neuropathic pain. RFA uses heat generated by radiofrequency
energy to target and destroy nerve tissue, which interrupts the transmission of pain
signals [34].

5.1.1 Mechanism of action

RFA works by applying controlled heat to specific nerves using a small, needle-
like electrode. The radiofrequency energy heats the tissue to a temperature of about
70-80°C, causing the nerve fibers to be damaged and unable to transmit pain signals
to the brain. This disruption of nerve function can provide long-term pain relief (up
to several months).
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By disrupting the pain signal transmission from the injured or damaged nerve,
RFA can temporarily reduce or eliminate chronic pain [35].

5.1.2 Indications for vadiofrequency ablation

RFA is often recommended for patients with chronic neuropathic pain who
do not respond to conservative treatment and cannot undergo surgery or other
minimal invasive procedures. After an ultrasound guided block is performed on
the targeted nerve, the patient should report a temporary but significant pain
improvement.

5.1.3 Procedure

The procedure is typically performed under local anesthesia and sedation to
ensure comfort.

A needle-like electrode is inserted near the nerve or nerve root suspected to be
causing pain under ultrasound guidance to position the needle close to the target.

Once the needle is in place, a small amount of radiofrequency energy is passed
through the electrode to deliver heat, causing partial nerve ablation. This procedure
usually takes around 15-30 minutes per nerve treated in skilled hands.

5.1.4 Outcomes and benefits
RFA can provide significant and long-lasting relief for patients with chronic

neuropathic pain. The duration of relief varies, but most patients experience relief for
several months to a year.

Figure7.
Post-radiofrequency neuroma: Histology section.
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By reducing or eliminating pain, RFA can greatly improve a patient’s mobility,
sleep, and overall quality of life. It can also reduce the need for systemic medications,
including opioids, which lowers the risk of side effects or addiction.

RFA is performed as an outpatient procedure with minimal downtime.

5.1.5 Risks and side effects

Patients experience numbness or tingling in the treated area. Though rare, there is
arisk of infection at the needle insertion site.

The major risk is of damaging healthy nerve branches, which could potentially
result in weakness, numbness, allodynia, and neuroma formation.

In our experience, the risk of neuroma in continuum formation is high making
all further treatments more difficult. We recommend leaving RFA as last option for
neuropathic pain treatment (Figure 7) [34, 35].

6. Conclusions

Minimally invasive treatments have fundamentally transformed the management
of post-traumatic neuropathic pain (PTNP), offering patients an effective alternative
when traditional, less invasive therapies have failed to provide relief. These treatments
are designed to precisely target the pain pathways responsible for chronic discomfort,
without the need for invasive surgery. By minimizing the risks of complications and
reducing recovery times, these interventions empower patients to regain control of
their lives, improving overall health and well-being.

By utilizing the regenerative properties of adipose tissue, AFT bridges the gap
between alleviating pain and promoting healing, offering a dual benefit to patients.
This technique harnesses stem cells, growth factors, and anti-inflammatory media-
tors from fat tissue, addressing both the biochemical and structural causes of
neuropathic pain.

In addition to AFT, selective denervation has become an invaluable tool for treat-
ing patients with refractory pain syndromes. This procedure allows for the precise
interruption of pain signals by targeting specific nerve pathways responsible for the
transmission of pain. With its ability to selectively address localized pain without
disrupting surrounding tissue or function, selective denervation offers a targeted
solution for patients suffering from chronic, persistent pain that has not responded to
other treatments.

As medical technology and research continue to advance, the potential for these
minimally invasive techniques to alleviate the burden of PTNP will continue to
expand. Innovations in imaging, precision medicine, and regenerative therapies are
improving the effectiveness, safety, and accessibility of these treatments, provid-
ing hope for a growing number of patients. Over time, these advances will not only
provide more options for pain relief but will also significantly enhance the quality
of life for those suffering from PTNP, ultimately transforming the landscape of
pain management and offering new possibilities for managing this challenging
condition.
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Perspective Chapter: Trimalleolar
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Abstract

A trimalleolar fracture is an ankle fracture involving the posterior malleolus,
which ranges from small avulsions to large intra-articular fragments, with impacted
small fragments causing subluxation of the talus. Proper evaluation, including
detailed radiographic imaging, is essential for accurate classification and treatment
planning. A trimalleolar ankle fracture is inherently unstable, with possible syndes-
motic disruption. Computed tomography is the gold standard for diagnosis, staging,
and surgical planning. However, the management of trimalleolar ankle fractures is
controversial in terms of approaches, fixation methods, postoperative rehabilita-
tion, and weight-bearing protocols. The author generated a grading system based on
CT, demonstrating four grades that facilitate management, are relevant for prognosis,
and can be applied in research and clinical settings. This chapter aims to provide a
comprehensive review of trimalleolar ankle fractures, highlighting the mechanisms
of injury, diagnostic approaches, grading system, surgical treatment options, and
complications.

Keywords: trimalleolar ankle fracture, posterior malleolus, posterolateral approach,
posteromedial approach, trimalleolar fracture classification

1. Introduction

Ankle fractures are a significant concern, occurring in 187 per 100,000 adults
annually. They exhibit a bimodal distribution, with the highest incidence in young
males between 15 and 24 years of age and in older females aged 75-84. Isolated
malleolus fractures account for 70%, bimalleolar for 20%, and trimalleolar for 7%.
Posterior malleolar fractures are found in 40% of rotational ankle fractures but can
also occur as an isolated fracture [1-6].

While recent efforts have been directed towards managing trimalleolar fractures,
it is essential to note that controversies persist regarding them, underscoring the
urgent need for further research [7-9].

It is essential to differentiate between a pilon and a trimalleolar fracture
accurately. This precision in diagnosis is a key factor in effectively managing
these complex injuries. A Pillon fracture is a fracture of the distal end of the
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tibia associated with comminution and intra-articular extension. A trimalleolar
fracture is an ankle fracture involving the posterior malleolus, ranging from small
avulsions to large intra-articular fragments, with impacted small fragments caus-
ing subluxation of the talus.

2. Relevant anatomy

The ankle is a modified hinge joint that allows dorsiflexion and plantar flexion in
the sagittal plane, and two rotations occur in the axial and coronal planes [10].

The ankle joint is formed of the distal tibia, fibula, and the superior dome of the
talus, creating a saddle-shaped mortise joint that provides stability through its bony
structure. The ligamentous structure formed by the lateral ligamentous complex,
medial deltoid ligament, syndesmotic complex and posterior ligaments provides
static stability [11].

The distal tibia is formed by five surfaces: the inferior, anterior, posteriorlateral,
and medial surfaces. The medial surface extends distally at an obtuse angle to create
the medial malleolus. It is thick at the base anteroposteriorly but flat and narrow
transversely. The malleolus’ lateral surface articulates with the talus’s comma-shaped
articular surface. The inferior articular surface aligns with the talus dome, being
concave in the anteroposterior direction and slightly convex transversely [11].

The posterior malleolus has distinct features that provide stability to the ankle.
The bony surface is continuous. The posterior surface of the tibial shaft is smooth and
slightly convex in the proximal segment. The distal segment has an oblique sulcus
directed downwards and inward on the medial malleolus for the tendon of the tibialis
posterior. The posterior ligamentous structures form a labrum, which is formed by
binding the superficial posterior inferior tibiofibular ligament, and the transverse
ligament stabilises the talar translation [11].

The lateral malleolus is pyramidal and presents lateral, medial, and posterior
surfaces. The lateral and medial surfaces meet at the anterior border. The posterior
surface is bordered laterally by the oblique fibular crest and medially by extending
the posterior border of the fibular shaft. The lateral malleolus extends outward and
descends 1 cm further than the medial malleolus [11].

The stability at the distal tibiofibular joint results from the syndesmotic ligaments.
Which can be divided into segments by location and attachments, including the
anterior inferior tibiofibular ligament, the posterior-inferior tibiofibular ligament
(PITFL), the interosseous ligament, and the transverse ligament [12, 13].

The Posterior Inferior Tibiofibular Ligament (PITFL) contributes 42% of syn-
desmosis stability (Ogilvie-Harris D], 1994). It has superficial and deep components.
The superficial component of the PITFL spans across the posterior aspect of the
ankle, from the posterior aspect of the lateral malleolus to the posterior malleolus of
the tibia [14, 15].

The deep component is called the transverse ligament. It originates above the
digital fossa of the lateral malleolus and inserts on the lower part of the posterior
border of the tibial articular surface in a superomedial direction. Acting as a true
labrum, the transverse ligament deepens the articular tibial surface, increasing the
tibial concavity [16].

In posterior malleolar injuries, the transverse ligament and the PITFL are often
attached to the posterior fracture fragment [17]. Therefore, it is crucial to preserve
both ligaments during surgical procedures.
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The anteroinferior tibiofibular ligament runs from the lateral surface of the tibia to
the fibula and is quadrilateral. This ligament can be avulsed with its tibial attachment
at the tubercle of Chaput, resulting in the Chaput fracture [18].

The interosseous ligament runs obliquely downward from the tibia towards the
fibula and is the distal condensation of the interosseous membrane between the tibia
and fibula. It makes up the most substantial portion of the syndesmosis [18].

3. Mode of trauma and descriptive anatomy of the fracture

In the Supination-External Rotation (SER) type of the Lauge-Hansen classifica-
tion, the fracture pattern includes an anterior tibiofibular ligament sprain, a lateral
short oblique fibula fracture (extending from anteroinferior to posterosuperior), and
a posterior tibiofibular ligament rupture or avulsion of the posterior malleolus. This is
often followed by a transverse fracture of the medial malleolus or a deltoid ligament
disruption [18, 19].

In contrast, the pronation-external rotation type typically starts with a transverse
fracture of the medial malleolus or deltoid ligament disruption. This is followed by
anterior tibiofibular ligament disruption and a lateral short oblique or spiral fracture
of the fibula (extending from anterosuperior to posteroinferior) above the joint level.
Finally, it involves a posterior tibiofibular ligament rupture or avulsion of the poste-
rior malleolus [18, 19].

This indicates that external rotation is a key factor in posterior malleolar fractures.

Weber et al. [20] have noted that there are typically two primary posterior frag-
ments, which may be impacted at the posteromedial plafond. The injury mechanism
is believed to involve vertical shearing, occurring with the foot in a hyperflexed
position under partial axial load. As a result, this type of fracture cannot be classified
within the Lauge-Hansen system [21].

The size of the posterior malleolus fracture varies, ranging from an extra-articular
ship fracture to large articular fragments of up to 40% of the sagittal diameter of the
articular surface. Usually, it is triangular-shaped, with its base lateral. A medial malleo-
lar fracture usually presents as a transverse or short oblique fracture at the level of the
tibiotalar joint. The posteriorly dislocating talus may impact the posterior edge of the
tibial plafond, detaching additional osteochondral fragments, which may block ana-
tomic reduction and prevent restoration of normal joint relationships and stability [20].

In another scenario, the entire posterior tibial lip is fractured, including the
posterior colliculus of the medial malleolus. This results in a larger triangular pos-
teromedial fragment and a smaller rectangular posterolateral fragment. Additionally,
osteochondral fragments may become detached from the posteromedial tibial
plafond. This leads to a significantly larger defect in the posteromedial area compared
to the posterolateral tibial plafond, causing posteromedial subluxation of the talus.

Biomechanically, the tibiotalar contact area decreases significantly when the frag-
ment size exceeds 33%. Additionally, posterior subluxation increases notably between
25% and 40%, leading to more significant stress on the remaining joint [22-26].

4, Classification

Haraguchi et al. identified three major fracture patterns: Type I: Wedge-shaped
posterior fragment extending through the tibial plafond and exiting posteromedially.
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Type II: Transverse fracture line from the fibular notch of the tibia into the medial
malleolus. Type III: “Shell fractures,” consisting of single or multiple superficial tibial
bone fragments from the posterior malleolar lip [27].

Mason and Molloy classify posterior malleolus ankle fractures based on the
mechanism of injury and severity into three types: Type 1: Avulsion fractures of the
posterior malleolar fragment caused by pulling forces from the posterior inferior
tibiofibular ligament (PITFL), typically occurring with a plantar-flexed ankle (a stage
III supination-external rotation injury). Type 2: Divided into two subtypes: Type 2A:
Involves fractures in the Volkmann area of the posterior tibia from talus rotation on
the tibial plafond (Haraguchi’s type I). Type 2B: Results from increased rotational
force, leading to fractures extending through the medial component of the tibia
(Haraguchi’s type II). Type 3: Complete separation of the posterior tibial component
via a coronal plane fracture, often associated with a high oblique fibula fracture [9].

Bartonicek et al. postulated a more specific CT-based classification system that
considers the stability of the tibiotalar joint and the integrity of the fibular notch. Type
1: extraincisural fragment with an intact fibular notch. Type 2: posterolateral fragment
extending into the fibular notch. Type 3: posteromedial two-part fragment involving the
medial malleolus. Type 4: large posterolateral triangular fragment (involving more than
one-third of the notch). Type 5: irregular, osteoporotic fragments [28]. This classification
system of the posterior malleolus can guide further operative or non-operative treatment
but fails to fully characterise the kind of trimalleolar fracture [29].

Figure 1.

Author grading of the trimalleolar fracture; G1; Transverse or short oblique medial malleolus transvers +
lateral malleolus + shill avulsion posterior malleolus. G2; Medial malleolus + lateral malleolus + triangular
posterolateral fragment. G3; Lateral malleolus + posteromedial triangular fracture + small posterolateral
fragment. G4; Lateral malleolus + rectangular posterolateral + triangular posteromedial.
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The author generated a grading system based on CT, demonstrating four grades
that facilitate management, are relevant for prognosis, and can be applied in research
and clinical settings.

Author (Dahshan) grading of the trimalleolar fracture (Figure 1).

G1

Transverse or short oblique medial malleolus transvers + lateval malleolus + shill
avulsion posterior malleolus avulsion of PITFL.

G2

Transvers or short obliqgue medial malleolus + lateval malleolus + triangular postero-
lateral fragment > 25% of articular surface or > 2 mm articular step-off

G3

Lateral malleolus + posteromedial triangular fracture of medial malleolus (malleolus
spur sign) + small posterolateral fragment

G4

Lateral malleolus + vectangular postevolateral > 25% of the articular surface or
> 2 mm articular step-off + triangular posteromedial with fragment impaction.

5. Radiographic evaluation

Despite the significant effort put into guidelines for requesting X-rays to minimise
exposure, such as the Ottawa ankle rules, the authors strongly recommend consider-
ing the medicolegal aspects. At a minimum, three views should be obtained: a true
anteroposterior (AP) view, a lateral view, and a mortise view (AP with 15° internal
rotation). These views are essential for assessing the ankle joint by examining the
medial malleolus, lateral malleolus, and syndesmosis, evaluating the medial clear
space, tibiofibular clear space, talar tilt and posterior malleolus. Some X-ray signs,
such as the double contour, misty mountains, and spur signs, show a posterior mal-
leolar fracture and indicate CT (Figure 2).

* CT scan is the gold standard for diagnosing and managing ankle fractures, par-
ticularly trimalleolar ones. Axial, sagittal, coronal, and 3D imaging are crucial
for a thorough preoperative assessment. CT also helps evaluate the fracture’s size,
shape, and site, identify any trapped loose fragments, and aid in planning the
appropriate reduction method (Figure 3).

6. Management
6.1Initial management

The question is: Would early management of a trimalleolar fracture in the ER be
the same as management of an ankle fracture, or should it be like management of a
Pilon fracture?
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Figure 2.
1: The X-ray shows a posterior malleolus fracture manifested by 1, with a double contour sign. 2: Misty Mountains
sign. 3: Spur signs.

The author’s preferred method is to perform closed reduction in the ER
under conscious sedation and use an open below-knee slab or ankle-foot ortho-
sis with cold packs for 10 minutes every hour for 48 hours and leg elevation.
Anticoagulants with analgesia are essential. Patient education and consent should
be completed.

The radiology work should be completed during this period. The surgeon should
start the operative planning early to avoid skin problems and subsequent surgery
delays. Planning includes choosing the appropriate approaches and methods of reduc-
tion and fixation, considering skin condition, bone quality, fracture grading, and the
functional demand of the patients.

External fixation is used as a staging procedure in open contaminated fractures
(3%) with poor soft tissue or unstable reduction to prevent redislocation and mini-
mise skin complications [30, 31].

6.2 Conservative treatment

Conservative treatment plays a minimal role in trimalleolar fractures due to high-
energy trauma causing such fractures, related displacement due to the second fracture,
or an additional ligamentous disruption (a fracture equivalent) leading to an unstable
ankle and requiring surgical stabilisation. However, conservative treatment may be
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Figure 3.

A 37-year-old male with a trimalleolar fracture of G2. 1 and 2: Preoperative radiographs show the ankle fracture
without a clear view of the posterior malleolus. 3: CT scans show the posterior malleolus fracture, size and site. 4
and 5: The 3-D reconstruction reveals the involvement of the posterolateral segment.

considered for stable medial malleolus fractures, stable lateral malleolus fractures with
posterior malleolar fractures with <25% joint involvement or < 2 mm step-off.

The conservative treatment consisted of a close reduction below the knee, cast
under anaesthesia, non-weight-bearing for four weeks, and full weight-bearing
by weeks six to eight. Regular radiographs were conducted to monitor joint
congruency [32].

Nineteen to thirty-eight percent of patients demonstrate loss of reduction, radio-
logic malunion, limited range of motion, and subsequently require conversion to
internal fixation [32, 33].

6.3 Operative treatment

However, the functional outcome of trimalleolar fractures is found to be worse
compared to uni- and bimalleolar fractures [34], and conditions such as diabetes,
smoking, and vascular diseases raise the risk of wound complications after surgery
that may result in amputation below the knee [35]; the surgeon must do his best to
achieve good outcomes. A step-off of the posterior malleolus must be reduced, and
the fragment should be fixed anatomically, achieving joint stability and restoring the
syndesmosis stability to prevent redislocation and osteoarthritis [36-38].
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6.4 Timing of surgery

There is debate regarding the timing of surgery for trimalleolar ankle fractures,
ranging from a few hours to several days of delay to reduce soft tissue swelling [39].
However, the emergency indications include unsatisfactory closed reduction, severe
soft tissue injury, compartment syndrome, and open fractures with or without
concomitant vascular or nerve injury [40].

Some studies concluded no difference regarding postoperative wound infections,
postoperative length of stay, complications, and functional outcomes in patients with
closed ankle fractures treated with ORIF during the first eight hours and over six days
[41-44]. Other studies found a significant increase in wound complications when
surgery was delayed [39, 45].

Clinically, it depends on the skin condition around the incisional site; if it is not
good, the surgical procedure should be postponed until proper healing.

6.5 The author’s scheme for management
G1

Transverse or short obliqgue medial malleolus transvers + lateval malleolus + shill
avulsion posterior malleolus avulsion of PITFL.: ORIF of the fibula, syndesmotic
fixation and medial malleolus.

G2

Transverse or short oblique medial malleolus + lateral malleolus + triangular posterolat-
eval fragment >25% of the articular surface or > 2 mm articular step-off: ORIF of the
posterior malleolus, then fibula using a posterolateral approach. (Avoid neurovascular).

G3

Lateral malleolus + posteromedial triangular fracture of the medial malleolus (malleo-
lus spur sign) + small posterolateral fragment: ORIF of the posterior malleolus (medial
fragment) using a posteromedial approach (between flexor hallucis longus (FHL)

and FDL and NV) and double plating. (With the risk of neurovascular injury).

G4

Lateral malleolus + vectangular posterolateral >25% of the articular surface or > 2 mm
articular step-off + triangular posteromedial with fragment impaction: combine both
a postevolateral and a postevomedial approach with double plating. Or a posteromedial
approach with double plating (with the risk of neurovascular injury).

6.6 Surgical techniques

The posterior malleolus can be fixed via percutaneous, arthroscopic-assisted or
open-approach fixation. Percutaneous screw fixation of the posterior malleolus can be
performed from anterior to posterior after achieving closed reduction with ligamen-
totaxis. This approach has some advantages, as it is minimally invasive and facilitates
fragment fixation while the patient remains supine. Nevertheless, it has disadvantages,
such as the complexity of the reduction technique and the difficulty in extracting
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Figure 4.
Preoperative preparation: the patient is in a prone position, and there are skin markings of 1; the Achilles tendon,
2; sural nerve, 3; fibula and 4; the incision mark, located between the lateral edge of the Achilles tendon and the fibula.

intra-articular loose body fragments. Additionally, this method is not appropriate for
all grades of trimalleolar fractures. The arthroscopic-assisted method is still being
trialled. It is also less popular and requires a special grade of fracture and skilled hands.

Open reduction and internal fixation through posterolateral or posteromedial
approaches seem superior to percutaneous anterior-to-posterior fixation [36, 46].
The prone position with a hang-free ankle and foot effectively addresses the posterior
malleolus using the posterolateral or posteromedial approaches (Figure 4).

6.7 Posterolateral approach

This approach’s advantages include direct access to and visualisation of the pos-
terior fragment, which allows evaluation of the chondral surface and inspection for
intra-articular bony pieces. Also, it avoids approaching the neurovascular bundle on
the medial aspect of the ankle. Through this approach, the fibula can be reduced and
plated [18].

Under GA or spinal anaesthesia and complete aseptic condition, with a high thigh
tourniquet and in a prone position with a hanged ankle, the talus reduced spontane-
ously. A longitudinal incision is made midway between the tip distal fibula and the
Achilles tendon, extending proximally about 10 cm; a scissor is used to identify
the sural nerve, which crosses the incision from superomedial to inferolateral. To
avoid nerve damage, retract it laterally. The plan between the peroneal muscles and
the flexor hallucis longus (FHL) can be identified through an incision through the
peroneal tendon sheath and repeated flexion/extension of the great toe to identify
FHL. The posterior tibia is exposed by dissecting and retracting the FHL, medially
protecting the posteromedial neurovascular bundle (Figure 5).

Special care was employed in managing the peroneal artery and its side branches
during the dissection of FHL from the interosseous membrane, especially the
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Figure 5.

1 Igdentzﬁmtion of the sural nerve, which crosses the incision from superomedial to inferolateral. 2: The plan
between the peroneal muscles and FHL, after reduction and fixation of the posterior malleolus with T buttress
plate. 3: Plan between the peroneal muscles and fibula after reduction and fixation of the fibula by lag screw and
1/3 plate. 4, 5: Postoperative X-ray.

transverse communicating branch. The PITFL could be identified as usually intact
and should be respected [47]. Then, the tibiotalar joint can be inspected.

If the distal fibular fracture was proximal, it was mobilised through the same
interval between the flexor hallucis longus and the peroneal muscles. If it was a low
fracture, posterior subcutaneous dissection to the posterolateral border of the fibula
was carried out [20].

This approach’s disadvantage is that it cannot address the medial malleolar com-
ponent, which should be addressed with a traditional medial incision. There is also a
possibility of sural nerve injury or peroneal artery injury.

6.8 Posteromedial approach

A longitudinal incision is made midway between the medial malleolus and the
Achilles tendon, extending about 10-12 cm proximally. The fascia is opened to expose the
superficial layer over the flexor hallucis longus. This layer is incised laterally to the extent
permitted by the incision. Caution is exercised during this process, as the posteromedial
neurovascular bundle is medial to the flexor hallucis longus [48]. Identify FHL (the
only fleshy muscle at this site and extension/flexion of the great toe) to develop a plane
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between it laterally and FDL medially. The neurovascular bundle can be retracted medi-
ally with FDL or laterally with FHL, according to the surgeon’s preference.

Another option is to develop a plane between the FHL medially and the peroneal
tendons laterally, exposing the posterior malleolus. Thus, the FHL tendon protects the
neurovascular bundle. Releasing the FHL tendon from its retinaculum at the posterior
talus allows muscle mobilisation.

The medial posteromedial approach provides access to the posteromedial edge
of the tibia while limiting access to its posteromedial surface, particularly where the
tibialis posterior tendon fully enters its groove. This technique particularly benefits
fractures involving a sizeable posteromedial fragment with a medial apex. The inci-
sion is made along the posteromedial edge of the tibia, revealing the tibialis posterior
tendon within its sheath, which is then opened longitudinally [48].

6.9 Reduction and fixation

The reduction and fixation of the posterior malleolus should be started before the
fibula. This will allow more rooming, leading to easy reduction and fixation. Other
advantages include achieving the appropriate fibular length, allowing for visualisa-
tion of the fracture without implant interference on radiographs, and stabilising the
large fragment of medial malleolar fractures [48].

First, the fracture line between the posterolateral and posteromedial main frag-
ments must be identified. Then, incise the periosteum and lift the two fragments.
Hinge the lateral fragment using the posterior tibiofibular ligament and the medial
fragment on the posterior tibial tendon sheath.

The posteromedial fragment should be reduced first because the elevated postero-
lateral fragment provides a better view of the posteromedial corner and because of
the risk of medial translation of the posteromedial fragment when the posterolateral
fragment is compressed and fixed with temporary k wire [20, 48].

During the reduction and fixation of the posteromedial fragment, and because
the tibialis posterior may limit the space, it is advised not to elevate the tendon off
the fragment but rather to place the fixation at the periphery of the fragment to
minimise the disturbance of its vascularity and to eliminate the potential of hardware
interference with the tendon [20]. Then, the posterior malleolar fragment is debrided
and meticulously freed from medial soft tissue attachments. The capsule is incised
inferiorly and checks the articular surface. The posterior malleolar fragment is
anatomically reduced and provisionally secured with a K wire [49].

Posterior talar subluxation is an essential indication for posterior malleolus reduc-
tion to restore ankle congruity [18].

In his meta-analysis, Wang 2023 concluded that plate fixation resulted in a bet-
ter alignment of articular step-off or gap compared to “A to P” screw fixation for
the posterior malleolus in trimalleolar ankle fractures. But screw fixation allowed a
shorter surgical time than plate fixation. However, when comparing the two methods,
no significant differences were observed in AOFAS scores, the incidence of arthritis,
infections, sural nerve injuries, or overall complications [50].

But in 2024, Ting concluded that plate fixation is a favourable alternative to screw
fixation in posterior malleolar fractured patients. Although plate fixation was at risk
of longer surgery time, postoperative adhesions of the flexor hallucis longus muscle
belly and more blood loss, it provided better postoperative functional outcomes,
shorter healing, weight-bearing and off-bed ambulation time and less pain compared
to screw fixation [51].
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The author’ preferred fixation method depends on the fracture’s size. For large
fragments, fixation is better achieved using a plate or two screws with washers (to
avoid fragment rotation) and may use the ACL C guide to get the trajectory of the
screws. However, a buttress plate is recommended if the fragment is small or friable.
Preoperative CT evaluation is crucial as it determines the fracture size and guides the
selection of the most appropriate fixation method.

After fixation of the posterior malleolus, reduction and fixation of the fibula can
be done through the interval between the FHL and peroneal muscle in proximal frac-
tures; in contrast, in distal fractures, posterior subcutaneous dissection of the pos-
terolateral border of the fibula was carried out for reduction and fixation (Figure 5)
[20]. The lateral malleolar fracture is reduced and fixed using a plate. The stability of
the syndesmosis is checked, and a syndesmosis screw is routinely applied if there is
instability. The medial malleolar fracture is approached separately, either in a prone
or supine position, according to the surgeon’s preference [52].

7. Postoperative care

A splint or orthosis should be used for 4-6 weeks. However, after the first 3 weeks,
range-of-motion exercises may be initiated. Partial weight-bearing is permitted after
6 weeks with physiotherapy, but full weight-bearing activities are generally restricted
for about 10-12 weeks postoperatively.

This guideline should be adjusted based on factors like bone quality, fixation
stability, patient reliability, comorbid conditions, and the need to protect soft tissues
such as syndesmosis.

Patients who start bearing weight early tend to return to work sooner than those
who delay [53-55]. Early weight-bearing helps stabilise the ankle joint and prevents
harmful movements [56]. However, for obese and diabetic patients, it is advisable
to have a more extended period of non-weight-bearing or partial weight-bearing.
Premature weight-bearing is a significant factor contributing to the loss of fracture
reduction in this specific patient population [57, 58].

8. Complication

Overall complication rates following ORIF of ankle fractures vary in the literature,
ranging from 1 to 40%. These complications can be divided into early and late [59-61].

8.1 Early complications include
8.1.1 Superficial or deep infection

Postoperative wound infection is one of the most common complications fol-
lowing ankle fracture surgery [62]. The overall rate reported in the literature varies
between 1.4% and 13.0%. Specifically, the prevalence of superficial infections ranges
from 3.0% to 10.0%, while deep infections occur at rates between 1.0% and 6.8% up
to 20% in diabetic patients [63-65].

The patient complains of increased pain, fever, swelling, redness, pus, and an
unpleasant odour in the wound. Investigation shows high C-reactive protein levels
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and ESR. Bacterial culture confirms the diagnosis. The most frequently identified
bacteria are Staphylococcus aureus and Staphylococcus epidermidis.

The author recommends using antibiotics and appropriate follow-up care to
manage superficial wound infections. Aggressive treatment through open debride-
ment and irrigation is essential in cases of deep infections. If the fracture is not united
and the implant demonstrates stable fixation, the implant can be retained; however,
if there is any sign of loosening and the fracture is not united, the implant should
be removed to ensure optimal recovery and use a temporary fixation. If the fracture
is united and the implant is stable, removing the implant is advised to eradicate the
infection.

8.1.2 Neurovascular injury

In posterolateral appraisal, the sural nerve and peroneal artery are liable to injury.
Injury to the sural nerve causes a painful neuroma or numbness along the lateral bor-
der of the foot. In the posteromedial approach, the posterior tibial nerve and artery
are susceptible to injury [63].

8.2 Late complications include
8.2.1 Posttraumatic OA

Treatment involves reducing activities, administering anti-inflammatory medica-
tions, providing intra-articular injections, and utilising modified footwear or braces.
Salvage procedures such as ankle arthrodesis or ankle arthroplasty should be consid-
ered in advanced cases.

8.2.2 Malunion

The surgeon must thoroughly review the closed treatment reduction images or the
intraoperative and postoperative radiographs to confirm acceptable reduction and no
step-off.

Patients with ankle fractures require careful monitoring to detect malunions. This
allows for the early restoration of anatomic osseous and articular alignment, poten-
tially preventing or postponing traumatic arthrosis. Therefore, secondary reconstruc-
tion should be prioritised in treating a malunited ankle fracture, while other options
like supramalleolar osteotomy or arthrodesis should only be explored if this approach
is unsuccessful.

8.2.3 Residual pain

This pertains to chondral injuries and soft tissue impingement [66], along with
posttraumatic neuromas [67], arthrofibrosis [68], malreduction, loss of reduction,
and malunion [63].

8.2.4 Implant irritation

Peroneal tendonitis can occur due to irritation caused by the posteriorlateral plat-
ing of the fibula, particularly when the plate is placed distally. Additionally, posterior
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tibial tendonitis may start if screws are placed at the posterior medial malleolus.
Therefore, it is advisable to position the plate at the periphery of the fracture.
8.2.5 Non-union

Non-union ankle fractures are uncommon. The periosteum may intervene within
a medial malleolus, necessitating the removal of the interposed material, bone

grafting, and subsequent stabilisation. Generally, most non-union can be effectively
treated with cancellous grafting and stable internal fixation [19].

Author details

Wael Abdelkarim Aldahshan?*, Ahmed Mohamed Abd-alkhalek?,
Ahmed Sayed Elshamy* and Mohammed Ahmed Abd Elfattah’

1 Orthopedic Surgery, Al-Azhar University, Egypt

2 Orthopedic Consultant, Prince Fahd Bin Sultan Hospital, KSA

3 Medical Intern, Al-Azhar University, Egypt

4 Faculty of Medicine, Orthopaedic Surgery, Al-Azhar University, Egypt

5 Faculty of Medicine for Girls, Orthopaedic Surgery, Al-Azhar University, Egypt
*Address all correspondence to: drwaelaldahshan@hotmail.com

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

134



Perspective Chapter: Trimalleolar Fracture

DOI: http://dx.doi.org/10.5772/intechopen.1009389

References

[1] Alluri R et al. Radiographic detection
of marginal impaction in supination-
adduction ankle fractures. Foot & Ankle
International. 2017;38(9):1005-1010.
DOI: 10.1177/1071100717709565

[2] Boraiah S et al. High association

of posterior malleolus fractures with
spiral distal tibial fractures. Clinical
Orthopaedics and Related Research.
2008;466(7):1692-1698. DOI: 10.1007/
s11999-008-0224-5

[3] Jung K] et al. Concomitant
ankle injuries associated with
tibial shaft fractures. Foot & Ankle
International. 2015;36:1209-1214.
DOI: 10.1177/1071100715588381

[4] Kempegowda H et al. Posterior
malleolar fractures associated with
tibial shaft fractures and sequence of

fixation. Journal of Orthopaedic Trauma.

2016;30(10):568-571. DOI: 10.1097/
BOT.0000000000000629

[5] Court-Brown CM et al. Epidemiology
of adult fractures: A review. Injury.
2006;37:691-697. DOI: 10.1016/j.
injury.2006.04.130

[6] Jaskulka RA et al. Fractures of the
posterior tibial margin: Their role in the
prognosis of malleolar fractures. The
Journal of Trauma. 1989;29(11):1565-
1570. DOI: 10.1097/00005373-
198911000-00018

[7]1 Irwin T et al. Posterior malleolus
fracture. The Journal of the American
Academy of Orthopaedic Surgeons.
2013;21(1):32-40. DOI: 10.5435/
JAAOS-21-01-32

[8] Solan MC, Sakellariou A. Posterior
malleolus fractures: Worth fixing. Bone
Joint Journal. 2017;99(11):1413-1419.

135

DOI: 10.1302/0301-620X.99B11.
BJJ-2017-1072

[9] Lyndon W, Mason W]J. Pathoanatomy
and associated injuries of posterior
malleolus fracture of the ankle. Foot &
Ankle International. 2017;38(11):1229-
1235. DOI: 10.1177/1071100717719533.
Epub 2017 Jul 31

[10] Inman V. The Joints of the Ankle.
Baltimore: Williams & Wilkins; 1976

[11] Sarrafian SK, Sarrafian's AS.
Anatomy of the Foot and Ankle:
Descriptive, Topographic, Functional.
Baltimore: Williams & Wilkins; 2012

[12] Clanton T et al. Biomechanical
analysis of the individual ligament
contributions to syndesmotic
stability. Foot & Ankle
International. 2016;38(1):66-75.
DOI: 10.1177/1071100716666277

[13] Lilyquist M et al. Cadaveric
analysis of the distal tibiofibular
syndesmosis. Foot & Ankle
International. 2016;37(8):882-890.
DOI: 10.1177/1071100716643083

[14] Jan B. Anatomy of the tibiofibular
syndesmosis and its clinical relevance.
Surgical and Radiologic Anatomy.
2003;25:379-386. DOI: 10.1007/
s00276-003-0156-4

[15] Golano P et al. Anatomy of the
ankle ligaments: A pictorial essay.
Knee Surgery, Sports Traumatology,
Arthroscopy. 2010;18(5):557-569.
DOI: 10.1007/s00167-010-1100-x

[16] Golano P et al. Arthroscopic anatomy
of the posterior ankle ligaments.
Arthroscopy. 2002;18(4):353-358.

DOI: 10.1053/jars.2002.32318



Comprehensive Overview of Foot and Ankle Trauma — Diagnosis, Treatment, Sequels...

[17] Miller AN et al. Posterior malleolar
stabilisation of syndesmotic injuries is
equivalent to screw fixation. Clinical
Orthopaedics and Related Research.
2010;468(4):1129-1135. DOI: 10.1007/
s11999-009-1111-4

(18] Christian Bergman MM. Anatomy,
classification, and management of

Ankle Fractures Involving the posterior
malleolar fragment: A literature review.
Foot & Ankle Orthopaedics. 2019;4(4):1-
11. DOI: 10.1177/2473011419887724

[19] Charles L, Saltzman RB. Mann’s
Surgery of the Foot and Ankle. 2-Volume
Set. Philadelphia: Elsevier; 2013. eBook
ISBN: 9781455748617

[20] Weber M. Trimalleolar fractures with
impaction of the posteromedial tibial
plafond: Implications for talar stability.
Foot & Ankle International. 2004;25:716-
727. DOI: 10.1177/107110070402501005

[21] Gardner M]J et al. The ability of the
Lauge-Hansen classification to predict
ligament injury and mechanism in ankle
fractures: An MRI study. Journal of
Orthopaedic Trauma. 2006;20(4):267-
272. DOI: 10.1097/00005131-200604000-
00006

[22] Hartford JM et al. Tibiotalar
contact area. Contribution of posterior
malleolus and deltoid ligament. Clinical
Orthopaedics and Related Research.
1995;320:182-187

[23] Macko VW et al. The joint-contact
area of the ankle. The contribution of the
posterior malleolus. The Journal of Bone
and Joint Surgery. American Volume.

1991;73(3):347-351

[24] Raasch WG et al. Assessment of

the posterior malleolus as a restraint

to posterior subluxation of the ankle.
The Journal of Bone and Joint Surgery.
American Volume. 1992;74(8):1201-1206

136

[25] Scheidt KB et al. Posterior
malleolar ankle fractures: An in vitro
biomechanical analysis of stability
in the loaded and unloaded states.
Journal of Orthopaedic Trauma.
1992;6(1):96-101

[26] Fitzpatrick DC et al. Kinematic

and contact stress analysis of posterior
malleolus fractures of the ankle. Journal
of Orthopaedic Trauma. 2004;18(5):271-
278. DOI: 10.1097/00005131-200405000-
00002

[27] Haraguchi N et al. Pathoanatomy
of posterior malleolus fractures of
the ankle. The Journal of Bone and
Joint Surgery. American Volume.
2006;88(8):1835. DOI: 10.2106/
JBJS.E.00856

[28] Bartonicek J et al. Anatomy and
classification of the posterior tibial
fragment in ankle fractures. Archives
of Orthopaedic and Trauma Surgery.
2015;135:505-516. DOI: 10.1007/
s00402-015-2171-4

[29] Patrick Pfliiger K-FB. Current
management of trimalleolar
ankle fractures. EFORT Open
Reviews. 2021;6(8):692-703.

DOI: 10.1302/2058-5241.6.200138

[30] Bennett A. Open fractures. Journal
of Orthopaedic Trauma. 2013;27:9-14.
DOI: 10.1016/j.mporth.2013.01.001

[31] Court-Brown CM et al. Open
fractures in the elderly: The importance
of skin ageing. Injury. 2015;46:189-194.
DOI: 10.1016/j.injury.2014.07.021

[32] Willett K et al. Ankle injury
management (AIm) trial collaborators.
Close contact casting vs surgery for
initial treatment of unstable ankle
fractures in older adults: A randomised
clinical trial. JAMA. 2016;316:1455-1463.
DOI: 10.1001/jama.2016.14719



Perspective Chapter: Trimalleolar Fracture

DOI: http://dx.doi.org/10.5772/intechopen.1009389

[33] Makwana NK, Bhowal B.
Conservative versus operative treatment
for displaced ankle fractures in patients
over 55 years of age: A prospective,
randomised study. Journal of Bone and
Joint Surgery (British). 2001;83:525-529.
DOI: 10.1302/0301-620x%.83b4.11522

[34] Verhage SM, Schipper I. Long-term
functional and radiographic outcomes
in 243 operated ankle fractures. Journal
of Foot and Ankle Research. 2015;8:45.
DOI: 10.1186/s13047-015-0098-1

[35] Ovaska MT, Madanat R. Predictors
of postoperative wound necrosis
following primary wound closure of
open ankle fractures. Foot & Ankle
International. 2016;37:401-406.

DOI: 10.1177/1071100715609182

[36] Verhage SM, Hoogendoorn JM.
When and how to operate the posterior
malleolus fragment in trimalleolar
fractures: Systematic literature. Review
Archives of Orthopaedic and Trauma
Surgery. 2018;138(9):1213-1222.

DOI: 10.1007/s00402-018-2949-2

[37] Gardner MJ, Brodsky A. Fixation of
posterior malleolar fractures provides
greater syndesmotic stability. Clinical
Orthopaedics and Related Research.
2006;447:165-171. DOI: 10.1097/01.
blo.0000203489.21206.a9

[38] Langenhuijsen J, Heetveld M. Results
of ankle fractures with involvement

of the posterior tibial margin.

Journal of Trauma. 2002;53:55-60.

DOI: 10.1097/00005373-200207000-
00012

[39] Saithna A. The influence of

timing of surgery on soft tissue
complications in closed ankle fractures.
European Journal of Orthopaedic
Surgery and Traumatology.
2009;19:481-484. DOI: 10.1007/
s00590-009-0455-5

137

[40] Rammelt S. G. R. Ankle fractures.
Unfallchirurg. 2008;111:421-437.
DOI: 10.1007/s00113-008-1460-6

[41] Naumann MG, Sigurdsen U.
Associations of timing of surgery

with postoperative length of stay,
complications, and functional outcomes
3-6 years after operative fixation

of closed ankle fractures. Injury.
2017;48:1662-1669. DOI: 10.1016/j.
injury.2017.03.039

[42] Breederveld RS, Straaten J.
Immediate or delayed operative
treatment of fractures of the

ankle. Injury. 1988;19:436-438.

DOI: 10.1016/0020-1383(88)90142-8

[43] Singh RA, Trickett R. Early

versus late surgery for closed ankle
fractures. Journal of Orthopaedic
Surgery (Hong Kong). 2015;23:341-344.
DOI: 10.1177/230949901502300317

[44] Miller AG, Margules A. Risk factors
for wound complications after ankle
fracture surgery. Journal of Bone & Joint
Surgery. 2012;94-A:2047-2052.

DOI: 10.2106/]BJS.K.01088

[45] Sukeik M, Qaffar M. Ankle fractures:
Impact of swelling on timing of surgery,
length of hospital stay and the economic
burden. Orthopaedic Proceedings.
2011;93-B(Supp I1):124. DOI: 10.1016/].
INJURY.2010.07.419

[46] Deborah Carr CV. Posterior-based
approaches to open reduction internal
fixation of Bimalleolar and Trimalleolar
fractures: A systematic review and
meta-analysis. The Journal of Foot &
Ankle Surgery. Apr 2020;59(2):373-378.
DOI: 10.1053/jfas.2019.09.004

[47] Mingo-Robinet J, J. M. Posterolateral
approach in trimalleolar ankle fractures:
Surgical technique. Revista Espafiola de
Cirugia Ortopédica y Traumatologia.



Comprehensive Overview of Foot and Ankle Trauma — Diagnosis, Treatment, Sequels...

2012;56(4):313-318. DOI: 10.1016/j.
recot.2012.02.003

[48] Mason LW, A. K. Posterior
malleolar ankle fractures. An effort at
improving outcomes. JBJS Open Access.
2019;4(2):e0058. DOI: 10.2106/JB]JS.
0A.18.00058

[49] Franzone JM, Vosseller JT.
Posterolateral approach for open
reduction and internal fixation of a
posterior malleolus fracture—Hinging on
an intact PITFL to disimpact the Tibial
plafond: A technical note. Foot and Ankle
International. 2013;34(8):1177-1181.
DOI: 10.1177/10711007134 81455

[50] Jie Wang H-BJ-G. Plate versus
screws fixation for the posterior
malleolar fragment in trimalleolar ankle
fractures. Injury. 2023;54(2):761-767.
DOI: 10.1016/j.injury.2022.10.032

[51] Tu T, Huang S-T, Chou Y-J.
Comparison of plate versus screw
internal fixation in the treatment of
posterior malleolar fracture: A systematic
review and meta-analysis. Foot and
Ankle Surgery. 2024;30(3):191-218.

DOI: 10.1016/j.fas.2023.12.004

[52] Yang Y, He W, Zhou H, Xia J,

Li B, Tao Y. Combined posteromedial
and posterolateral approaches

for 2-parts posterior malleolar
fracture fixation. Foot and Ankle
Surgery. 2020;41(10):1234-1239.
DOI: 10.1177/1071100720937637

(53] Black JD et al. Early weight bearing
in operatively fixed ankle fractures: A
systematic review. Foot (Edinburgh,
Scotland). 2013;23:78-85. DOI: 10.1016/j.
foot.2013.05.002

[54] Kubiak EN et al. Early weight bearing
after lower extremity fractures in adults.
The Journal of the American Academy of
Orthopaedic Surgeons. 2013;21:727-738.
DOI: 10.5435/JAAOS-21-12-727

138

[55] Simanski CJ et al. Functional
treatment and early weight bearing
after an ankle fracture: A prospective
study. Journal of Orthopaedic Trauma.
2006;20:108-114. DOI: 10.1097/01.
bot.0000197701.96954.8c

[56] Starkweather MP et al. Early
protected weight bearing after open
reduction internal fixation of ankle
fractures. The Journal of Foot and Ankle
Surgery. 2012;51:575-578. DOI: 10.1053/j.
jfas.2012.05.022

[57] Rizvi AA et al. Perioperative
management of diabetes and
hyperglycemia in patients undergoing
orthopaedic surgery. The Journal

of the American Academy of
Orthopaedic Surgeons. 2010;18:426-435.
DOI: 10.5435/00124635-201007000-
00005

(58] Chaudhry S et al. Ankle injuries
and fractures in the obese patient.

The Orthopedic Clinics of North
America. 2011;42:45-53. DOI: 10.1016/j.
0cl.2010.07.003

[59] SooHoo NF et al. Complication rates
following open reduction and internal
fixation of ankle fractures. The Journal
of Bone and Joint Surgery. American
Volume. 2009;91(05):1042-1049.

DOI: 10.2106/]JBJS.H.00653

[60] Ebraheim NA et al. Ankle fractures
involving the fibula proximal to the distal
tibiofibular syndesmosis. Foot & Ankle
International. 1997;18(08):513-521.

DOI: 10.1177/107110079701800811

[61] Leyes M et al. Complications of
open reduction and internal fixation of
ankle fractures. Foot and Ankle Clinics.
2003;8(01):131-147. DOI: 10.1016/
s1083-7515(02) 00162-6

[62] Schepers TVL. Increased rates of
wound complications with locking



Perspective Chapter: Trimalleolar Fracture
DOI: http://dx.doi.org/10.5772/intechopen.1009389

plates in distal fibular fractures. Injury.
2011;42(10):1125-1129. DOI: 10.1016/j.
injury.2011.01.009

[63] Ovaska M. Complications in ankle
fracture surgery. Acta Orthopaedica.
Supplementum. 2015;86(358):1-32.
DOI: 10.3109/17453674.2014.100227

[64] Zalavras CG et al. Infection following
operative treatment of ankle fractures.
Clinical Orthopaedics and Related
Research. 2009;467(07):1715-1720.

DOI: 10.1007/s11999-009-0743-8

[65] Scheperst DV. The timing of ankle
fracture surgery and the effect on
infectious complications: A case series
and systematic review of the literature.
International Orthopaedics. 2013;37:489-
494. DOI: 10.1007/s00264-012-1753-9

[66] Kannus P et al. Increasing number
and incidence of low-trauma ankle
fractures in elderly people: Finnish
statistics during 1970-2000 and
projections for the future. Bone.
2002;31(03):430-433. DOI: 10.1016/
$8756-3282(02)00832-3

[67] Redfern DJ et al. Investigation of
incidence of superficial peroneal nerve
injury following ankle fracture. Foot &
Ankle International. 2003;24(10):771-
774. DOI: 10.1177/107110070302401006

[68] Utsugi K et al. Intra-articular
fibrous tissue formation following
ankle fracture: The significance of
arthroscopic debridement of fibrous
tissue. Arthroscopy. 2007;23(01):89-93.
DOI: 10.1016/j.arthro.2006.07.055

139






Chapter7
Posterior Malleolar Fractures

Christopher Lenz

Abstract

Posterior malleolar fractures (PMF) often occur with the ankle fractures. They
usually lead to poorer outcomes. PMF can impact ankle stability and the joint surface.
Over time, our approach to these complex fractures has evolved. In the past, we fixed
fragments based on their size (25-30% of the joint surface) and displacement. Now,
our understanding of PMF has improved, along with the diagnostic and treatment
methods. This book chapter reviews our current knowledge of PMF. It covers topics
such as epidemiology, classification, pathophysiology, diagnostic imaging, treatment
strategies, and outcomes.

Keywords: ankle fractures, ankle joint, stability, posterior malleolar fractures,
Volkmann tubercle, treatment

1. Introduction

Ankle fractures are a common orthopaedic injury, making up around 9% of
all fractures [1]. These injuries can range from simple to complex patterns, posing
significant challenges for surgeons. When the posterior malleolus is involved, the
fracture becomes even more complex, requiring careful consideration of patient
positioning, surgical approach, and implant choice, making the procedure more
demanding. In 1822, Cooper first described the posterior malleolar fracture (PMF)
in a chronic ankle fracture-dislocation [2]. The term “trimalleolar fracture” was
introduced by Henderson in 1932, describing the involvement of the fibula, medial
malleolus, and posterior malleolus in ankle fractures [3].

These fractures usually result from rotational injury mechanisms, with various
factors influencing the injury pattern, such as bone quality, impact, duration, and
mechanism of injury, as well as external factors like footwear. The fracture morphol-
ogy is highly heterogeneous, and there is no consensus on optimal treatment.

Posterior malleolar fractures (PMFs) are crucial in the treatment and prognosis
of ankle fractures due to their variability in size, location, number of fragments, and
displacement. Clinically, PMFs are significant because they affect ankle ligaments,
the syndesmotic complex, joint congruency, stability, and load distribution across the
ankle joint.

Studies have shown that trimalleolar fractures have worse outcomes than isolated
fibular or bimalleolar fractures [4-6].

To provide thorough insights, it is essential to discuss terminology. As mentioned,
the term “trimalleolar fracture” was introduced in 1932 [3]. However, there is no
clear consensus on the right terms, and it remains inconsistent. The term “Volkmann
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fracture” actually refers to fractures of the posterior tibial lip, whereas Volkmann
described an anterolateral distal tibia fracture [7]. The term lacks specificity regard-
ing fragment morphology, size, and associated injuries. Destot introduced the

term “malléole postérieure” [8]. Therefore, “posterior malleolar fracture” seems
accurate but still nonspecific. It makes sense to use a comprehensible classification to
adequately address the specific fracture and its characteristics.

2. Anatomy and biomechanics

The ankle joint is an ultracongruent joint, a complex ginglymoid joint stabi-
lized by its bony congruency and multiple ligaments, including the syndesmotic
complex. The bony congruency is important to understand, as the talus is narrow
in the axial plane and widens from posterior to anterior. This means the most
stable joint position, in terms of bony congruency and stability, is in dorsiflexion,
when the foot is fixed on the ground without any forces acting on the ankle. The
posterior malleolus, also known as the posterior tibial lip, forms the posterior part
of the distal tibia. In the sagittal plane, the distal articular joint surface is concave
and extends distally, forming the posterior malleolus, or Volkmann tubercle, a
term commonly used in German.

The Volkmann tubercle provides attachments for the posterior inferior tibiofibular
ligament (PITFL), also known as the posterior syndesmosis, which runs obliquely
to its insertion at the posterior distal fibula. The distal syndesmotic complex also
consists of the anterior inferior tibiofibular ligament (AITFL), the interosseous
ligament (IOL), and the interosseous membrane (IOM). The PITFL provides 42% of
syndesmotic stability [9], emphasizing the importance of the anatomic structure of
the ligament itself and its attachment area at the posterior malleolus.

Biomechanically, many approaches have been used to define and determine the impact
of injuries to the posterior malleolus. Early biomechanic studies showed that the posterior
malleolus contributes approximately 25-30% to ankle joint stability and load bearing.
Furthermore, a fragment size of 33% has been considered crucial in terms of peak stresses
acting on the articular surface, with a higher risk of developing posttraumatic ankle joint
arthritis [10, 11]. This fact has been crucial in determining the treatment approach to
PMF. Fragments involving less than 25-33% and with less than 2 mm of fracture dislo-
cation on the lateral X-ray have been considered for non-operative treatment [12-15].
With a growing body of evidence and more frequent use of CT imaging, knowledge
has increased, and more detailed classification systems have arisen. Thus, the three-
dimensional fracture morphology has become clearer, and several factors have become
essential in considering the proposed best way to address PMF. These factors include not
only fragment size and dislocation but also the involvement of the incisura, the presence
of intercalary fragments, impaction of the distal joint surface, and stability of the syndes-
motic complex. In conclusion, the goals of treatment aim to restore the distal joint surface
and the fibular notch, including posterior containment of the talus and reduction of the
distal fibula, and stability of the PITFL by strong bone-to-bone fixation of the PMF.

3. Epidemiology and pathomechanism

Considering all ankle fractures, around 7-44% are accompanied by PMF
[4, 16]. In more complex ankle fractures, the prevalence is higher, as they involve
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more crucial structures, such as the syndesmotic complex, and more severe
ligament injuries.

A typical mechanism of injury is a rotational force transmitted through the ankle
joint complex, classified by Lauge-Hansen as Pronation-Abduction or Pronation-
External Rotation injury mechanisms [17]. However, it can also occur during
Supination-External Rotation. Lauge-Hansen classified ankle fractures into several
stages, representing fracture patterns by their mechanism of injury. The first word
describes the foot position when the injury starts, and the second word describes the
direction of the force, usually a rotational force [17].

High-energy trauma, such as falls from heights, work accidents, or motor vehicle
accidents, can cause more complex injury patterns. These injuries are often accompa-
nied by severe soft tissue damage and complex, multifragmentary fracture patterns.
In rare cases, a PMF can occur as an isolated fracture.

4. Classification systems

Several attempts have been made to classify PMF. A good classification system in
traumatology should be simple and practical. It must cover the full range of fracture
types while being comprehensive. High reproducibility is also important, so different
observers can apply it consistently. The system should guide treatment strategies and
connect to outcomes and prognosis.

The oldest classification was by Nelson and Jensen [18]. They distinguished “clas-
sical” from “minimal” based on the percentage of the involved articular surface. They
recommended surgical fixation for classical fractures and introduced the “one-third
rule” It is surprising that many surgeons still use this outdated approach for fracture
treatment. This rule is now obsolete and should be discarded.

In 1990, the AO classified PMF into Type 1 to Type 3, which includes extra
articular, small articular, and large articular fragments, respectively [19]. Today,
we need to evaluate the exact morphology of fractures. Modern classification
systems are CT-based and do not rely on conventional X-rays. The most common
and reliable systems were published by Haraguchi et al. in 2006 and Bartonicek
in 2015. Haraguchi analysed CT scans of 57 patients and proposed three types of
PMF (Figure1).

Type I (67% of cases): posterior oblique fracture of the distal tibia (triangular
fragment).

Type II (19%): PMF with medial extension involving the posterior part of the
medial malleolus.

Type III (14%): shell-like fracture of the cortical and subcortical bone of the
distal posterior tibia.

Bartonicek et al. proposed a classification system with four fracture patterns. They
focused on the fibular notch and its involvement (Figure 2).

Type I (8% of cases): characterized by an extraincisural fragment.

Type I (52%): a posterolateral fragment.

Type III (28%): 2-part fragment at the posteromedial aspect of the tibia.
Type IV (9%): a large posterolateral fragment involving 33-50% of the fibular
incisura.

Type V (3%): irregular osteoporotic fracture.
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Figure 1.

Axial CT scans showing fracture examples according to the classification of Haraguchi [20]: (A) posterolateral
type, (B) medial-extension type, (C) small-shell type.

Figure 2.

Axial CT scans showing fracture examples according to the classification of Bartonicek [21]: (A) extraincisural
fragment with intact fibular notch, (B) postevolateral fragment extending into the fibular notch, (C)
posteromedial two-part fragment involving the medial malleolus, (D) large posterolateral triangular fragment.
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Emerging systems emphasize the functional impact of the fracture, including
ligamentous injuries and syndesmotic stability. Adding simple descriptive terms can
help fully describe the fracture pattern. It is crucial to have a complete understanding
of the fracture before planning surgery and osteosynthesis.

5. Diagnostics and imaging

The initial trauma assessment follows general guidelines for trauma surgery. Key
findings that influence decisions include pain, swelling, deformity, and instabil-
ity. Standard anteroposterior (AP), lateral, and mortise views can show fractures.
However, simple X-rays often miss details of the pilon fracture (PMF). They may not
capture the number of fragments, fracture path, impaction, size, displacement, or
intercalary fragments. The author strongly recommends a CT scan for every PMF. If
standard X-rays cannot rule it out, a CT scan is needed. CT is the gold standard for
PMF evaluation. It provides detailed views of all relevant aspects. Three-dimensional
reconstructions also help with surgical planning. MRI scans can assess related soft-
tissue injuries such as ligament tears and cartilage damage, but they are usually not
needed. For stability, MRI lacks enough information. Clinical and intraoperative
evaluations are more important.

6. Management and treatment

In most cases, PMF needs surgery because of its key role in the ankle joint.
However, nonoperative treatment is an option for isolated, nondisplaced fractures. A
thorough assessment, including CT scans, is needed to confirm these conditions.

The percentage of articular surface involvement is no longer a reliable factor for
decision-making. There are no evidence-based guidelines or treatment algorithms to
follow. Many surgeons evaluate the PMF during surgery after stabilizing the fibula.
Often, they use ligamentotaxis to reduce the posterior malleolus fragment, especially
the PITFL. If this is confirmed during surgery, no additional fixation is needed. Other
surgeons prefer to fix the PMF if the fragment can be secured with a screw or plate
and screw construct. There is no high-level evidence indicating which method yields
better results. The best treatment approach remains controversial, with many factors
and methods debated, and little evidence supporting one over the other.

6.1 Patient positioning and surgical approach

The type of ankle fracture affects the surgical approach. The prone position is best
for accessing the posterior tibia. This method also allows for reducing and fixing the
fibula. However, it requires skill, especially if the surgeon usually works on the fibula
in isolated fractures, while the patient is supine or in lateral decubitus. The same
goes for the medial malleolus. It can be accessed in the prone position but is trickier
than the fibula. The lateral decubitus position also offers good access to the posterior
tibia and fibula. If necessary, the leg can be externally rotated to reach the medial
malleolus. Sometimes, changing the patient’s position during surgery can help with
access to the malleoli. The author usually prefers the prone position for fractures of
the posterior malleolus and fibula. For trimalleolar fractures, position the patient
in lateral decubitus on their belly, with support at their back. When addressing the
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medial malleolus, remove the back support and gently rotate the patient to the supine
position. This method saves time and avoids needing new drapes or surgeon wear.

Once the patient positioning decision has been made, the posterolateral approach
is the most common and best approach to adequately address the PMF. The most
important landmarks for this approach are the tip of the fibula and the Achilles
tendon. The incision is made midway between these landmarks. The sural nerve must
be identified and handled with care and preserved during surgery. In a cadaver study
by Jowett et al., the sural nerve was identified in 83% of cases using the posterolateral
approach [22].

After preparation on the fascia of the peroneal tendons and muscle, you can
develop two soft tissue windows anterior and posterior to the peroneal muscle to
address the fibula and posterior malleolus, respectively. This will result in more soft
tissue trauma, morbidity and possibly swelling, which may compromise wound heal-
ing. Therefore, a single window approach should be preferred. This involves creating
a plane between the flexor hallucis longus (FHL) muscle and the peroneal muscle.
The peroneal tendons and muscle can be retracted laterally and posteriorly and the
muscle belly of the FHL can be dissected away from the tibia to allow access to the
bone. The posterior malleolus fragment is mobilized from medial to lateral to avoid
injury and damage to the PITFL, which inserts into the posterior aspect of the fibula
and Volkmann’s tubercle. From a lateral approach, it is often possible to visualize the
PMF through the fibular fracture. This provides a perfect view of the articular surface
to control a perfect reduction. In most cases, intercalary fragments or cartilage lesions
can also be seen and treated accordingly.

There are fractures that extend well into the medial posterior tibia or even the
medial malleolus. In these cases, a traditional or modified posteromedial approach
(TPA or MPA, respectively) may be the best choice to adequately address the frag-
ments and achieve anatomical reduction and strong fixation. Several studies have
analysed the approach, its use, and risks. Grillo et al. found TPA to be a valid alterna-
tive for surgical access and visualization of 77% of the distal tibial plafond [23]. The
MPA appears to be a valid alternative that allows high-quality operative fracture
management [24].

The choice of approach is the first important step towards high-quality fracture
treatment and ultimately a good outcome. In the context of high-quality treatment,
arthroscopic fracture treatment is also important. There are several studies that pres-
ent different techniques of fracture management in combination with arthroscopic
assistance [25, 26]. However, it is more costly and time-consuming, and there are no
high-quality comparative studies that have analysed whether arthroscopic assistance
can significantly improve outcomes. Nevertheless, it may be a useful adjunct in the
management of ankle fractures [27].

6.2 Fixation techniques and implants

The choice of implant, reduction technique, and fixation technique must take
into account the morphology and intraoperative assessment in terms of reduction,
ligamentotaxis and stability, and containment of the joint. Another decision is
whether the fibula or the PMF should be addressed first. If the PMF is fixed first, it
is easier to allow fluoroscopic imaging as there is no fibular implant to interfere with
imaging. However, this can usually be tolerated and adequate visualization is possible.
If the fibula is fixed first, it is easier to reduce the PMF because of the restoration of
length and the effect of ligamentotaxis. On the other hand, reduction of the PMF also
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facilitates reduction of the fibula, so it seems appropriate to start with the fracture
that appears easier to reduce. The author usually finds it advantageous to address the
fibula first. When adequate fluoroscopy is critical, perhaps in more complex multi-
fragmentary PMFs, the fibula can be temporarily stabilized with a lag screw and/or
reduction clamp. This will allow adequate fluoroscopic imaging but will also assist in
the reduction of the PMF.

In general, indirect reduction, direct reduction with anteroposterior screw fixa-
tion, direct posterior screw fixation, or plate and screw constructs are techniques that
have been described and used by many surgeons.

Indirect reduction in prone position is achieved by dorsiflexion of the ankle and
the reduction can be held with a pointed reduction clamp. Adequate reduction should
be confirmed with lateral fluoroscopy. One or two partially threaded screws can be
used from anterior to posterior to achieve adequate fixation (Figures 3 and 4). A
small anterior approach is recommended to respect the fracture line while protecting
the extensor tendons, the anterior tibial neurovascular bundle, and the superficial
peroneal nerve. This method is best suited for single large fragments without interca-
lary fragments.

Direct posterolateral reduction and fixation are used in the majority of cases
(Figures 5-7). The procedure is described in the previous section. After mobilization
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Figure 3.
Haraguchi type I and Bartonicek type II fracture with indirect veduction of the PMF and anteroposterior screw
fixation without indication for further syndesmotic stabilization.
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Figure 4.
Multifragmentary Havaguchi type I and Bartonicek type II fracture with indirect veduction of the PMF and
anteroposterior screw fixation without indication for further syndesmotic stabilization.

Figures.
Multifragmentary Havaguchi type I and Bartonicek type I fracture with intercalary fragment which has been
removed, dirvect reduction of the PMF, and dorsal buttress plate/screw fixation. Again without indication for

further syndesmotic stabilization.
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Figure 6.

Multifragmentary Havaguchi type II and Bartonicek type III fracture, divect reduction of the PMF and dorsal
buttress plate/screw fixation, plus additional single screw to fix the postermedial fragment. The syndesmotic
complex was sufficiently stabilized and needed no further fixation.

of the posterolateral fragment, intercalary fragments and fracture debris or fragments
that are not amenable to fixation can be removed. Reduction is achieved using direct
and indirect techniques. The metaphyseal proximal fracture line is the best reference
for guiding reduction. Once an anatomical reduction is achieved, it can be maintained
with reduction clamps and K-wires. The preferred method of fixation is a posterior
buttress plate and screws, as this has been shown to provide the strongest fixation
[28-30]. There is no need for expensive and bulky locking plates, and one-third tubular
plates and standard cortex screws are sufficient in most cases. In osteoporotic bone and
multifragmentary fractures, locking plates may be a better choice. Several biomechani-
cal studies have demonstrated superior fixation strength of plate/screw constructs
compared to anterior-posterior and posterior-anterior screw fixations (Figure 8).

Direct posteromedial reduction and fixation may be an approach to consider for
BartoniCek type 3 or Haraguchi type 2 fractures. Reduction and fixation are achieved
in a similar way to the posterolateral approach.

The use of syndesmotic fixation is rarely required. In most cases, stability of the
syndesmotic complex is restored after anatomical reduction and internal fixation of
the fracture. There are few studies available, but it seems to be rarely necessary to apply
additional dynamic or static syndesmotic stabilization during this procedure [31-33].
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Figure7.

Haraguchi type Il and Bartonicek type I1I fracture with large fragment and shearing fracture of the medial
malleolus. Direct veduction of the PMF and dorsal and medial buttvess plate/screw fixation was performed
without indication for further syndesmotic stabilisation.

6.3 Postoperative care and treatment

A splint or cast is applied immediately after surgery. The patient is instructed to
keep the operated leg elevated for 1 or 2 days, depending on the level of soft tissue
swelling. As soon as the swelling is reduced to a reasonable extent and the wounds
are unremarkable, mobilization is started under physiotherapeutic supervision and
instruction, with non-weight-bearing or partial weight-bearing (10-20% of body
weight). Protected weight-bearing is recommended for at least 6 weeks. Patients
are encouraged and instructed to begin gentle early ROM exercises approximately
2 weeks after surgery, once the stitches have been removed from the healed skin inci-
sions. After 6 weeks, patients gradually progress to full weight-bearing in a walker or
brace, depending on clinical and radiological assessment 6 weeks after surgery.
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Figure 8.

Haraguchi type I and Bartonicek type 11 fracture and high fibula fracture. Direct reduction of the PMF and
posterior-anterior screw fixation was chosen because of only mild instability and good bone quality in a young,
male patient. The syndesmotic was stable after fixation.

7. Complications and outcomes

Initial assessment and treatment are already a crucial part of fracture manage-
ment, influencing outcome and risk of complications. It is a challenge for the prac-
titioner in the field and for emergency care (early closed reduction, splints, RICE
protocol, etc.). The importance of definitive fracture treatment has been thoroughly
outlined.

The many factors and the importance of adequate fracture management have been
described in this chapter. Basically, the outcome of PMF depends significantly on
the quality of reduction, joint stability and containment, and ligamentous integrity.
Neumann et al. published a retrospective series with a follow-up of 7 years [34]. They
found favourable results when the principles of preoperative assessment and fracture
management were implemented. Chang et al. suggest that anatomical reduction of
the posterior malleolus correlates with the improved functional outcomes and lower
rates of osteoarthritis. Meijer et al. evaluated outcomes in a Dutch patient population
with a follow-up of 24 years [35]. Both the Neumann et al’s and Meijer et al’s studies
found improved clinical scores with a better range of motion. Even when favourable
results are reported, one-third of patients still have some residual pain and 42% have
a tendency for the ankle to swell with exercise [34].
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8. Future considerations and conclusion

Key areas of debate in the management of posterior malleolar fractures include
the threshold for surgical intervention, the optimal fixation approach, whether there
is a minimum fragment size that requires fixation, and the role of minimally invasive
techniques. Emerging evidence suggests potential benefits in refining surgical indica-
tions with the use of individualized imaging and minimally invasive techniques,
especially arthroscopic assisted fracture treatment [36]. Future research is needed to
clarify optimal management strategies, particularly with regard to minimally invasive
approaches and the biomechanical significance of smaller fragments. Posterior mal-
leolar fractures present a complex challenge in orthopaedic trauma. Correct diagno-
sis, classification, and individualized treatment strategies are essential to optimise
patient outcomes. Continued research into fixation techniques, imaging modalities,
and long-term outcomes will help to refine treatment protocols and improve prognos-
tic models for these fractures.
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Abstract

Talus fractures are rare but one of the most complex and challenging injuries in
orthopedic trauma due to their anatomy, weight-bearing and limited blood supply.
These fractures are often high-energy injuries and can lead to complications. This
chapter will cover the anatomy, vascular supply, classification systems, mechanism
of injury and clinical evaluation of talar fractures. Radiological imaging, especially
computed tomography (CT), is crucial for diagnosis and surgical planning in these
cases. The chapter will discuss various fracture patterns, head, neck, body and lateral
processes, and modern operative techniques. The fracture type, soft tissue condi-
tion and the need for anatomical reduction will determine the surgical approach.
The chapter will discuss complications and their management to guide clinicians in
providing the best care and improving the outcomes for these patients.

Keywords: talus fracture, surgical fixation, posttraumatic arthritis, complications,
fracture classification, avascular necrosis

1. Introduction

Talus fractures occur infrequently while presenting distinct management difficul-
ties. The talus has a complex anatomy and limited blood supply, which leads to serious
long-term complications such as avascular necrosis and posttraumatic arthritis. These
injuries represent less than 1% of all fractures and typically result from high-energy
trauma [1].

A precise diagnostic and management strategy is needed to achieve the best
results. As high-speed trauma becomes more frequent, especially among younger
patients, complex talar fractures also occur more commonly in specialized centers.
The talus is a crucial part of the hindfoot and ankle, articulating with the tibia, fibula,
calcaneus and navicular bones. The position, with more than 60% of its surface cov-
ered with articular cartilage and no muscle or tendon attachments, makes it vulner-
able. The blood supply is mainly from the posterior tibial, the dorsalis pedis and the
perforated peroneal arteries; therefore, it is easily disrupted in fractures [2, 3].
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Maintaining this blood supply and proper reduction of the talus is critical in
managing these fractures. Talar fractures are classified by where they occur—the
neck, body, head, lateral and posterior processes. The most common is a talar neck
fracture [3].

Hawkin classification has been used for decades to predict the risk of avascular
necrosis based on the degree of fracture displacement and whether any surrounding
joints are involved. More recent approaches have shown that CT scans can be benefi-
cial in assessing of the fracture classification and guiding surgical planning [4, 5].

Surgical intervention, often involving open reduction and internal fixation, is
typically required for displaced fractures, while nonoperative management is usually
reserved for nondisplaced fractures [3].

1.1 Anatomy

The talus is the second largest bone in the hindfoot and serves as a crucial joint
component that links the lower leg to the foot.

This bone serves as an essential component of weight-bearing mechanics because
it relays axial loads from the leg to the foot and operates similarly to a keystone within
an archway [6].

The talus bone stands out among human bones because it lacks muscle attach-
ments which makes its stabilization primarily dependent on surrounding ligaments
and joint structures [6].

The talus displays a notable feature because of its wide surface area, which consists
mainly of articular cartilage covering approximately 70% of the bone. The cartilage
layer enables almost frictionless movement between the adjoining bones. This feature
enables effective joint movement and reduces wear when performing dynamic
actions, such as walking, running, and jumping [7].

Anatomically, the talus can be categorized into three primary components: the
body, the neck, and the head.

The body is the main, central part and is roughly trapezoidal in shape with a
convex upper surface that forms the talar dome. This dome is wider at the front than
at the back, which aids in stability in dorsiflexion [3, 6].

The talar neck is a narrower portion of the talus that connects the head of the bone
to its body. It acts as a bridge between these two components, making it a crucial link.
Anatomical angles of the talar neck are crucial for biomechanics. It has a varus

angle (between 10° and 44°) and a plantarflexed neck-body angle (ranging between
5° and 50°). These angles help determine how forces are transmitted through the foot
and influence ankle joint stability [3, 8].

The talus neck is the weakest portion of the talus due to its porosity for vascular
ingrowth and small cross-sectional area. This makes it particularly susceptible to
fractures [9].

The talus head has a convex configuration, fully covered by articular cartilage,
which enables it to articulate with the navicular bone. The head’s rounded shape is
critically important in absorbing the forces associated with movement.

The talar head is supported by the “spring” or calcaneonavicular ligament. This
ligament acts as a strong and flexible support like a rope or spring, holding the struc-
tural arrangement of the foot arch [3, 10].

The talus bone possesses distinct lateral and posterior processes. The posterior
process is especially important because it creates a channel through which the flexor
hallucis longus tendon passes to control the movement of the hallux (big toe).
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These small “handles” or “extensions” improve ankle joint stability and function by
facilitating tendon movement while securing joint stability [3, 10].

The talus has seven joint articulations. The upper three are the tibial plafond,
medial malleolous and fibula. The three lower are between the talus and calcaneus,
which are the anterior, middle, and posterior facets. A considerable bony sulcus
known as sulcus tali isolates the posterior from the anterior and middle facets.

This sulcus creates the tarsal canal, which broadens laterally to create the sinus tarsi.
The anterior surface of the talar head articulates with the navicular bone [3].

1.2 Blood supply

Blood supply to the talus is unique and critical; given the lack of musculotendi-
nous attachments on the talus, blood is derived from a vascular sling around its neck
and perforating branches. Vascular orientation and retrograde flow to the talar body
have traditionally been attributed to high avascular necrosis (AVN) of the talar body
with displaced talar neck fractures [10, 11]; however, an extensive antegrade sup-
ply has recently been discovered through quantitative magnetic resonance imaging
(MRI) studies [12].

The blood supply to the talus comes mainly from three key arteries. The posterior
tibial artery (PTA) is the most important contributor. It supplies most of the talar
body and dome areas, which bear significant weight.

PTA gives rise to the tarsal canal artery, contributing to the deltoid branches. In
neck fractures, the only vascular supply that remains after the fracture is usually
the deltoid branches located at the deep part of the deltoid ligament. Therefore,
avoiding surgical dissection of the deltoid ligament is necessary to preserve these
branches [3, 13].

The artery of tarsal canal continues along the sulcus tali on the inferior surface
of the talus and anastomoses with the tarsal sinus artery (a branch of the peroneal
artery)—the posterior tubercle branches from the PTA supply to the posterior process.

The anterior tibial artery (ATA) supplies the head and neck, and it continues as the
dorsalis pedis artery on the dorsum of the foot.

The peroneal artery is the third major source, contributing by forming the tarsal
sinus artery, which is anastomosis with the tarsal canal artery is complete in only 60%
of individuals and serves as a backup supply to the head and neck of the talus [3, 14].

2. Epidemiology of talus fractures

Talus fractures are relatively uncommon compared with other types of bone
fractures. Men are more likely than women to have talar fractures; the typical patient
age is early to mid-30s, with a wide variation. Talus fractures account for 3-5% of foot
and ankle injuries [10].

Talar neck fractures are the most common type, constituting approximately
45-50% of all talus fractures. Given the underlying high-energy injury, the associated
fracture rate reaches as high as 64%. Open fractures account for 18-25% of talar neck
fractures. Subtalar dislocations occur in 15% of talar injuries [10, 15].

Fractures of the talar body are rarer than neck injuries, accounting for 13-23%
of all talar fractures. Fractures of the talar head, including osteochondral injuries,
remain uncommon and seem to constitute 3-10% of all talar fractures. There appears
to be a greater incidence in conjunction with dislocation of the talus. Fracture of the
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lateral process is frequently encountered as a delayed presentation. Its frequency is
difficult to determine, but one study noted that it accounts for 0.86% of all ankle
injuries [8, 10, 16].

3. Classification

Talus fractures can be classified anatomically as head, neck, body and process
fractures.

The Hawkins classification system is well known for determining the types of talar
neck fractures, a system developed many years ago. It classifies fractures based on the
level of displacement and the risk for avascular necrosis (AVN). Initially, the Hawkins
classification recognized three types of fractures: type I to type III [4, 17]. This was later
expanded to type IV by Canale and Kelly [18]. Type I involves vertical fractures of the
talar neck where the talus has minimal displacement, and the fracture line enters the
subtalar joint between the middle and posterior facets. In these cases, the talus is in its
anatomical position within the ankle, and the subtalar joint remains aligned. Hawkins
suggested that only one out of the three main blood vessels to the talus is injured in
these cases, and he reported no cases of AVN associated with these injuries. Type II
fractures are associated with vertical displacement where the subtalar joint is sublux-
ated or dislocated, but the talus is still in the mortise position within the ankle. Hawkins
noted that two of three primary blood supply vessels to the talus were disrupted. Type
III fractures are like type II, in addition to ankle dislocation. The rate of AVN is high due
to the severing of all three principal blood vessels to the injured talus [4, 17].

In 1978, Canale and Kelly included Type IV, which involves a talar neck fracture
accompanied by body dislocation from the ankle or subtalar joint and additional
dislocation or subluxation of the talus head from the talonavicular joint [18].

In their systematic review, Halvorsen et al. identified an upward trend in avascular
necrosis corresponding to each Hawkins type. The incidence was 5.7% for Hawkins
type 1, 18.4% for Hawkins type 2, and 44.7% for Hawkins type 3. However, this
percentage decreased to 12% for type 4 fractures, which the authors suggested might
be due to the rarity of the injury [19].

Talar body fractures have various classifications. The commonly used Sneppen’s
classification [20] divided these fractures into five types based on the fracture
pattern:

Type I: Osteochondral or transchondral fractures of the talar dome.

Type II: Coronal, sagittal, or horizontal shear fractures of the talar body.

Type III: Posterior tubercle fractures.

Type IV: Lateral process fractures.

Type V: Crush fractures of the entire talar body.

Fortin et al. [8] proposed a classification of talar body fractures based on the
fracture’s location and extent:

Type I: Fractures of the body proper or cleavage of any plane.

Type II: Talar process or tubercle fractures.

Type III: Compression or impaction fractures of the articular surface of the
body.

According to the Arbeitsgemeinschaft fiir Osteosynthesefragen (AO) classification
system, the talar body fractures are divided into three distinct groups: C1 (osteochon-
dral defect of the superior dome of the body), C2 (coronal split of body talus with
both tibiotalar and subtalar joints), and C3 (comminuted talar body) [21, 22].
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The circumferential blending of the head with the neck makes distinguishing talar
body fractures from neck fractures challenging [22].

To address this, Inokuchi et al. [23] proposed a classification system based on the
position of the inferior fracture line in relation to the lateral processes of the talus. If
the fracture line extends anterior to the lateral process, it will be described as a neck
fracture; if it goes within the lateral process, it will be a body fracture [23].

Talar body fractures are intra-articular fractures involving the tibiotalar and sub-
talar joints. In contrast, talar neck fractures are extra-articular, or, at best, partially
intra-articular, involving the medial facet of the subtalar joint [22].

There is no widely used classification system for talar head fractures, and in clinical
practice, these injuries are often described based on the observed pattern. However,
the Orthopaedic Trauma Association (OTA) classification system does include all talar
fractures, including those of the head. This system differentiates between extra-
articular avulsion fractures, partial articular injuries, and complete articular or crush
injuries. The head is classified as 81-A, the neck as 81-B, and the body as 81-C [3, 24].

The lateral process of the talus is a wedge-shaped prominence extending from the
body of the talus. It constitutes a component of the subtalar joint, articulating later-
ally with the fibula and inferiorly with the calcaneum. Fractures of the lateral process
are frequently observed in snowboarders [25].

The Hawkins classification system is one of the first systems developed and often
used to classify lateral process fractures. It includes type I—a simple fracture of the lat-
eral process; type II—a comminuted fracture of the lateral process further subdivided
into type Ila with less than 2 mm of displacement and type IIb with greater than 2 mm
displacement; and type III—chip or avulsion fracture of the tubercle laterally [26].

Recently, Wang et al. based on CT scans of patients, created an exhaustive clas-
sification system of fractures of the lateral process of talus. They divided fractures
into two types based on the existence of associated injuries and developed type I into
three subtypes and type II into five. They concluded that the system is more reliable
and reproducible, making it a valuable tool for decision-making regarding treatment
options [5].

4. Mechanism of injury
4.1 Fracture head of talus

The injury mechanism involves a sudden dorsiflexion force applied to a fully
plantarflexed foot, resulting in a compressive force through the talar head.

Additionally, talar head fractures may occur in isolation from a direct blow to the
talar head. Another possible mechanism is hyperdorsiflexion, which compresses the
talar head against the anterior tibial edge. Impaction fractures of the talar head can
also occur alongside subtalar dislocations [8].

4.2 Fracture neck of talus

The primary mechanism is forced dorsiflexion of the foot, resulting in the narrow
talar neck to collide with the strong anterior tibial crest, typically resulting in frac-
tures in the frontal plane. As forces persist, the interosseous talocalcaneal ligament
and the ligamentous structures of the posterior ankle and subtalar joints experience
disruption. Eventually leading to subluxation or dislocation of the body from the
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subtalar and tibiotalar articulations [3, 27]. With forced supination of the hindfoot,
the neck may encounter the medial malleolus, causing medial neck comminution
and rotational displacement of the head. Additionally, hindfoot supination can lead
to concomitant medial malleolus fractures, with a reported incidence of 28%. The
most common contemporary mechanisms are motor vehicle accidents and falls from
heights. Producing talar neck fractures with forced dorsiflexion alone is challenging
in the laboratory [3, 28].

Peterson and colleagues were able to create these fractures in their experiments
only after they restricted movement in the ankle joint by applying vertical pressure
through the calcaneus, which pushed the talus against the front of the tibia. This
combined action explains why these fractures are common in car accidents or falls,
where the foot is fixed and cannot move out of the way [29].

4.3 Fracture body of the talus

Mechanism of injury leading to fracture of the body of the talus is axial compres-
sion, where the talus is squeezed between the tibial plafond and the calcaneum.
These fractures are most often seen as a result of high-energy impacts. One common
scenario is a fall from a height, where the person lands with a forceful impact on the
foot or in motor vehicle or motorcycle collisions [30].

Medial-side talar body fracture is commonly associated with supination trauma,
whereas a lateral-side fracture is due to pronation or pronation-external rotation
trauma.

Lateral process fractures occur usually following an axial force in excessive dorsi-
flexion and eversion [25, 30].

4.4 Clinical assessment

When initially assessing patients with talus injuries, it is essential to adhere to
the Advanced Trauma Life Support (ATLS) protocol, giving priority to injuries that
threaten life or limb.

The examination should include a survey for other orthopedic injuries, especially
ipsilateral extremity injuries, which accompany talus fractures. Particular attention
should also be directed to the thoracolumbar spine because spine fractures have been
found to be associated with talar neck and body fractures [8, 31].

A comprehensive evaluation of the affected foot should encompass an assessment
of the neurovascular condition and the integrity of the skin at the fracture site.

Patients with talar neck fractures show noticeable midfoot and hindfoot swelling.
The degree of gross deformation will depend on the fracture displacement and any
accompanying subtalar and ankle joint subluxation or dislocation [8, 31].

Displaced talar neck fractures often lead to significant stretching of the dorsal soft
tissue. In cases where the talus is severely deformed and dislocated, there may be a
risk to the integrity of the skin and the neurovascular status of the limb, and posterior
displacement of the body can lead to bowstringing of the flexor tendons and neuro-
vascular bundle. Therefore, closed reduction under sedation should be attempted to
avoid skin necrosis and vascular compromise.

These injuries present significant challenges for treatment in the emergency
department and frequently necessitate the use of general anesthesia. It is advisable to
avoid multiple attempts at closed reduction, as these can increase soft tissue damage.
In such instances, an open reduction is required.
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Approximately 50% of type III Hawkins fractures present as open injuries, with
an associated infection rate reaching up to 38%. Consequently, it is crucial that these
open fractures receive urgent intervention [8, 31].

4.5 Radiologic evaluation

The radiographic evaluation (X-ray) for characterizing talar neck fractures
involves an ankle series (anteroposterior (AP), lateral, and mortise) and a foot series
(AP, lateral, and oblique). The Canale view can also aid in visualizing the talar neck
by positioning the foot in maximal equinus on the X-ray cassette, pronating the foot
15°, and directing the X-ray beam 75° cephalad from the horizontal [10, 32].

Although plain radiographs are the gold standard for initial screening of bony
injuries in the foot and ankle, their sensitivity for detecting any talar injury is only
74%, with displacement being the primary factor influencing radiographic sensitivity.

Notably, the most overlooked fractures are the talar dome osteochondral fracture,
lateral process fracture, and posterior process fracture [10, 33].

Given these observations, computed tomography (CT) is considered the gold stan-
dard for diagnosis. Therefore, CT should be routinely used for monitoring ankle injuries
that exhibit swelling and pain disproportionate to radiographic findings [10, 33].

Several authors advocate that a CT scan is pivotal in the surgical fixation of a talus
fracture and must be done after a closed reduction. While radiographs may reveal the
fracture’s profile, CT scans offer supplementary insights by depicting the degree of
comminution and joint surface involvement, which assists in the preoperative surgical
plan [10, 34].

Considering the high diagnostic accuracy of CT imaging, additional imaging
is usually unnecessary. However, MRI can be helpful in the diagnosis of cases of
unresolved posttraumatic pain due to peritalar soft tissue injuries and osteochondral
injuries, including those of the head or dome of the talus [10, 35].

4.6 Treatment
4.6.1 Talar head fractures

The primary objectives of treating talar head fractures are to ensure the congruity
and stability of the talonavicular joint and to preserve the length and height of the
medial column. With these principles in mind, satisfactory outcomes can be achieved
through various management strategies. Nonoperative management is effective for
undisplaced fractures with stable joints, which can be treated by casting the foot and
ankle in a neutral position for 6 weeks. Partial weight-bearing is reccommended for
approximately 8-10 weeks until radiographic evidence confirms fracture union [36].
However, even in the absence of imaging-evident displacement, the predominantly
articular nature of the bone might necessitate stable fixation of fractures in the
weight-bearing and load-transferring areas of the head [10].

Open reduction and internal fixation are performed for displaced fractures or
those with joint instability. Small-fragment subchondral cancellous lag screws,
headless compression screws, or bioabsorbable implants can be placed using dorsal or
medial approaches. Removing comminuted fragments may help restore talonavicular
joint motion [3].

Typically, a medial approach to the talonavicular joint is used, sparing the pos-
terior attachment of the tibial tendon to the navicular bone. Dissection must also be
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performed cautiously over the anterior aspect of the talar head to prevent the disrup-
tion of its blood supply [37, 38].

Articular impaction is common, usually occurring on the medial talar head and
distraction through the talonavicular joint aids visualization and fragment disimpac-
tion. It may require the filling of the metaphyseal voids. Crushed cancellous allograft
chips or synthetic bone void fillers can support these fragments and maintain
articular reduction. Postoperatively, weight bearing is prohibited for 6-8 weeks after
surgery. Early range-of-motion exercises can be initiated if fixation is stable and the
patient is reliable [8, 38].

Rapid healing usually occurs due to the abundant blood supply to the talar head
and low incidence of osteonecrosis.

The prognosis is favorable if no severe comminution and anatomic reduction is
performed [8, 38].

The main goal when managing talar neck fractures is obtaining an anatomic
reduction, which requires attention to rotation, length, and neck angulation [8].

Cadaveric biomechanical studies have shown that an accurate reduction of talar
neck fractures optimizes results. One of the cadaveric studies noted that displace-
ments as minor as 2 mm could change the contact mechanics of the subtalar joint. The
most significant dorsal and medial or varus displacement changed the weight-bearing
load pathway, resulting in a contact stress decrease in the anterior and middle facets
but increased localization in the posterior facet [8, 39].

Additionally, Daniels et al. showed that removing a medially based wedge of bone
from the talar neck led to the inability to evert the hindfoot with the new position
featuring an internal rotation of the calcaneus, varus heel, and forefoot adduction.
These altered hindfoot mechanics due to a talar neck fracture likely contribute to the
development of subtalar arthritis [40].

4.6.2 Type I fractures

The role of nonoperative management in talar neck fractures is limited to patients
who have nondisplaced fractures.

Care must be taken to obtain appropriate radiographs, including a Canale view
and CT, to ensure no displacement or malrotation.

Patients should undergo frequent and meticulous monitoring for displacement.
They will remain non-weight-bearing in a well-molded cast for a duration of 8 weeks,
followed by a period of mobilization in a cast for an additional 6 weeks [8].

However, this type of fracture is particularly challenging to treat. CT is critical for
diagnosis because plain radiography may not capture all fractures. Even rotational
deformities may not be visible on the CT scans. Surgical intervention is indicated
if any doubt of displacement is noted on radiography or CT, or if the fracture was
previously reduced after some displacement, or if there is any uncertainty about the
patient’s commitment to follow-up appointments [41].

4.6.3 Type II fractures

Displaced talar neck fractures should be initially managed with a prompt reduc-
tion to reduce the risk of soft tissue damage. This is often possible in an emergency
room. However, it is important to avoid multiple forceful attempts at reduction. The
foot is positioned in a plantarflexed position to bring the head of the talus in line with
the talar body. The heel can then be moved into inversion or eversion depending on
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whether the subtalar displacement is medially or laterally displaced. Closed reduction
methods are extremely difficult or impossible to achieve anatomic fracture reduction.
Even when anatomic reduction is claimed to be achieved, immobilization in signifi-
cant plantarflexion is typically necessary to maintain position. Therefore, operative
treatment of all types of fractures has been recommended [8, 42].

A variety of approaches have been described for talar neck fractures. The medial
approach is frequently employed in practice. The anteromedial approach is from the
tip of the medial malleolus to the first metatarsal and uses an interval between the
tibialis anterior and posterior muscles. This approach allows access to the medial talar
neck and the anterior tibiotalar joint region. The long saphenous vein is retracted
and protected, and the dissection is carried on to the superomedial talar neck with
minimal soft tissue dissection along the neck itself [31, 43].

The incision can be altered accordingly if a medial malleolar osteotomy is planned
preoperatively. Stripping of dorsal neck vessels should also be avoided, and deltoid
branches on the deep deltoid ligament should be preserved. A drawback of the medial
approach is that it gives less exposure than the lateral aspect of the neck, making it
challenging to assess rotation and medial neck shortening. Medial neck comminution
or impaction may be underestimated [31, 43].

The anterolateral approach involves making an incision between the peroneus
brevis and tertius muscles, extending from the distal syndesmosis, located at the
anterolateral corner of the ankle, to the fourth metatarsal. During this procedure, the
superficial peroneal nerve is safeguarded, and the sinus tarsi fat pad and the origin
of the extensor digitorum brevis are lifted to reveal the superolateral talar neck and
lateral process [31].

To optimize access to the talar neck and anterior body, dual anteromedial and
anterolateral surgical exposures are recommended.

A sufficiently wide skin bridge must be present between the two incisions.
Notably, the use of dual surgical exposure has never been shown to increase the risk
of osteonecrosis [15, 44].

High-energy talar neck fractures often have some degree of comminution, with
tensile failure typically occurring laterally and compressive failure medially.

As aresult, the lateral fracture is often simple, and the medial neck fracture is com-
minuted. A common mistake in these cases is not recognizing the dorsal and medial
comminution of the talar neck. Aligning the cortical margins of the fracture in these
cases can lead to varus and extension malalignment. For this reason, a dual incision
approach is highly recommended. This technique allows for the reduction of maneuvers
while simultaneously visualizing both aspects of the fracture and prevents rotational
and angular malreductions. Confirming the reduction of the medial and lateral cortices
through direct visualization and fluoroscopy (AP or Canale view) before proceeding
with fixation is crucial. After reduction is achieved, comminution may leave a cortical
deficiency in the dorsal and medial neck. In these cases, local bone grafts or allografts
can be used in these areas to provide mechanical support [15, 45, 46].

Using a lamina spreader, soft tissue elevators, and joysticks helps with visualiza-
tion, fragment manipulation and reduction. Once the fracture is reduced, it can be
provisionally stabilized with K-wires. Fixation can be achieved with dual minifrag-
ment plates, plating and positional screws or screws alone [3, 35]. Two screws,
positioned medially and laterally, can be placed just beneath the articular surface of
the head and aimed posteriorly into the body. Lag screws may be used unless there
is considerable comminution of the neck, particularly on the medial side, which can
cause neck shortening or malalignment when the fracture is compressed [8].
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Another option is the posterolateral approach, where an incision is made lateral to
the heel cord at the interval between the flexor hallucis longus and peroneal muscles,
allowing safe access to the entire posterior talar process of the foot. Caution must
be taken during exposure so as not to damage the peroneal artery or the branches
[8]. The posterolateral approach is often combined with an initial anteromedial or
anterolateral approach for provisional fracture reduction and stabilization. if ana-
tomic reduction can be achieved with closed manipulation, posterior-anterior screw
fixation can be done through a single posterior approach as an option, as This method
is restricted to straightforward fracture patterns that can be fixed with screws, as it
does not provide a clear view of the talar neck [34, 47].

The advantage of using posterior to anteriorly directed screws is that the fixa-
tion crosses the fracture perpendicularly, which may increase the strength of the
fixation [48].

Nonetheless, Attiah et al. performed a biomechanical study and reported that
there was no difference in fixation strength to the yield point with anterior to poste-
rior screws, posterior to anterior screws, and a medial-side plate with a lateral screw;
they concluded that anterior plate fixation provided equivalent stability to posterior
screw fixation [49].

The potential drawbacks of posterior-anterior screws are the technical challenges
of intraoperative positioning, risk of articular cartilage damage, neurovascular
structure damage, subtalar joint or lateral trochlear surface penetration, and restric-
tion of ankle plantarflexion due to screw head impingement. These potential draw-
backs can be minimized by using smaller-diameter countersunk screws directed
along the talar axis [8].

Screw fixation is typically reserved for simple fracture patterns where anatomic
reduction is achievable, and there is no comminution that might cause fracture
collapse and malalignment [47]. The surgical approach and fracture pattern should
guide the direction of screw placement. The size of the screw depends on the size of
the fracture fragment, and it is crucial to either countersink the screw heads or use
headless screws to prevent impingement, as biomechanical studies have shown no
difference in strength [43, 47].

Lateral and medial plating is becoming a popular and effective way of talar neck
fixation, especially in comminuted cases. Plates can be augmented with independent
screw fixation as needed [47].

However, Charlson et al. in their biomechanical study concluded that while plate
fixation may offer significant advantages in controlling the anatomic alignment of
comminuted talar neck fractures, it does not confer any biomechanical superiority
over axial screw fixation [50].

A smaller implant footprint allows for fragment-specific fixation and more fixa-
tion points in a three-dimensional complex bone with limited surface area for implant
application. Plates can be placed on the most comminuted column of the talus,
medial, lateral or both. They provide a solid buttress as a bridging strut, resisting
collapse and shortening [10, 47].

In dual plating, the lateral plate extends from just in front of the lateral process
to the junction of the lateral head and neck, while the medial plate extends from
the plantar side to the medial talar body cartilage, reaching the medial head-neck
junction [31].

To prevent medial shortening and varus malunion, particularly when the neck
shortens by more than 2 mm, it is advisable to contour minifragment plating on the
lateral surface of the talus during surgery [51].
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The minifragment locking plate system allows for selection between locking and
nonlocking screws to stabilize reductions in both medial and lateral columns. When
applying the medial plate, careful planning is required to avoid impingement within
the medial tibiotalar joint gutter.

Nevertheless, the availability of minifragment locking plates in various thicknesses
effectively mitigates this issue. These plates offer multiple fixation points and benefit
from the buttressing effect of screws engaging with the plate, which is particularly
advantageous in areas with comminuted fractures [47].

4.6.3.1 Timing of open reduction and internal fixation

In the past, immediate treatment and stabilization were advised for talus fractures
due to the risk of osteonecrosis associated with talar neck fractures. However, this
approach has recently evolved [10, 35].

Fracture dislocations that cannot be reduced require an urgent closed and poten-
tially open reduction. Once the reduction is achieved, most orthopaedic specialists do
not consider emergency surgery necessary for displaced talar neck fractures [52].

There was no noticeable rise in complications with the delay from injury to surgical
fixation [53]. Definitive treatment should be carried out as soon as a skilled surgical
team can safely perform the procedure, with particular attention to the condition of
the soft tissue. If there is considerable swelling, the surgery can be postponed until the
soft tissue quality allows for safe surgical dissection and primary incision closure [22].

4.6.4 Type I1I fractures

The displacement of the talar body from the ankle and subtalar joints creates sig-
nificant treatment challenges. Therefore, open reduction becomes urgently necessary
to relieve the neurovascular bundle and medial skin pressure from the displaced body
and minimize the potential risk for osteonecrosis [8].

A considerable number of these injuries involve medial malleolar fractures, which
assist in exposure. If the malleolus is intact, a medial malleolar osteotomy is usually
required to help expose and reposition the body. Approximately 50% of these frac-
tures are open, requiring immediate and thorough irrigation and debridement [8].

4.6.5 Type IV fractures

Type IV injuries are managed similarly to type III injuries, requiring prompt open
reduction and internal fixation. The talar body and fragments of the head are aligned
and securely fixed. The stability of the talonavicular joint is evaluated, and if it is
found to be unstable, pinning the joint should be considered. This injury is significant
because osteonecrosis can develop in the talar body and head fragment [8, 42].

4.7 Talar body fractures

The management principles for talar body fractures are analogous to those for
neck fractures. Fractures that are undisplaced and involve stable joints may be man-
aged non-operatively with a non-weight-bearing short-leg cast for approximately
8 weeks, until radiographic evidence of healing is confirmed [3].

Open reduction and internal fixation (ORIF) is necessary for all displaced frac-
tures. The morphology of talar body fractures varies significantly, and the fracture
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pattern dictates the surgical approach. Depending on the fracture’s orientation and
location relative to the plafond and the extent of subtalar involvement, the surgeon
must decide between anterior or posterior approaches, a combination of both, or a
malleolar osteotomy [37].

Intraoperative visualization of the talar dome is often required for body fractures
to ensure the articular surfaces are anatomically reduced. Standard dual anteromedial
and anterolateral approaches are typically sufficient to view the anterior half of the
talar dome; however, visualizing the posterior dome often necessitates additional
procedures, such as medial malleolar or fibular osteotomy [37, 54].

The posteromedial approach to the talar body is advantageous for addressing and
stabilizing fractures of the posterior talar body and posterior process, especially when
the fracture line is oriented in the coronal plane. The patient is positioned prone, and
an incision is made just medial to the Achilles tendon, ensuring the Achilles paratenon
remains intact while retracting the flexor hallucis longus and other posterior structures
medially. This technique provides access to the tibiotalar and subtalar joints [54, 55].

Achieving adequate exposure is the primary challenge in properly reducing talar
body fractures, and traditional surgical approaches may not provide sufficient expo-
sure, particularly in complex cases. Medial malleolar osteotomy is the most frequently
performed osteotomy for reducing complex talar body fractures, with most surgeons
agreeing that the osteotomy should target the intersection between the tibial plafond
and the medial malleolus’s articular facet. Failing to exit at this point can result in
limited exposure (too medial) or damage to the weight-bearing cartilage on the tibial
plafond (too lateral) [56, 57].

van Bergen et al. [57] conducted a study using radiological and computed tomog-
raphy (CT) to determine the optimal orientation for an oblique medial malleolar
osteotomy to expose the talar dome surgically. The study found that an osteotomy
directed at an average angle of 30° relative to the tibia’s longitudinal axis (or about
57° relative to the tibial plafond) is perpendicular to the tibial articular surface at the
intersection of the plafond and medial malleolus. This orientation allows for precise
exposure while minimizing the risk of cartilage damage or incongruent reduction,
and the authors point out that to obtain optimal compression and maintain a congru-
ent joint surface following reduction, lag screws must be placed perpendicular to the
osteotomy plane [57].

A femoral distractor can be used to view the body of the talus fragments.

The talar dome fragments can be reduced from posterior to anterior and lateral
to medial. K-wires may be used as joysticks to stabilize mobile fragments. The
subtalar joint is assessed from the lateral approach for residual step-offs or fracture
distraction. Body fractures can occur in the coronal or sagittal planes or as crush
injuries [30, 58].

A fracture along the sagittal plane can be stabilized by inserting screws from
the medial to the lateral side. These screws should be deeply countersunk into the
cartilage, or alternatively, headless screws can be utilized. For lateral comminuted
fractures, plate fixation is necessary to prevent collapse and subsequent malunion.
Minifragment implants may be positioned just below the articular margin of the
tibiotalar cartilage [58].

4.8 Role for arthroscopy

Arthroscopic reduction and internal fixation (ARIF) is a minimally invasive
technique that offers excellent visibility of fractures in both the frontal and sagittal
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planes. Additionally, arthroscopy can serve as a supplementary method, aiding in
open reduction procedures for percutaneous screw fixation [59].

ARIF facilitates anatomical reduction and fixation with interfragmentary screws
under direct vision and avoids any minimal displacement, which proves that it might
adversely alter foot biomechanics [39, 59]. Moreover, less interruption of the soft
tissues minimizes the risk of further talar revascularization. Arthroscopy provides
easy access for fracture fixation in the posterolateral to the anteromedial plane, which
is biomechanically strong [59, 60].

However, it is unsuitable as the sole method of fracture visualization and reduc-
tion for large displaced fragments or complex fracture dislocations. Additionally,
associated soft tissue involvement in these fractures increases the risk of saline leak-
age and compartment syndrome [30, 60].

The selection of an arthroscopic technique is determined by the fracture’s
characteristics. Anterior arthroscopy is generally recommended for fractures affect-
ing the anterior two-thirds of the talus and for longitudinal fractures. Conversely,
posterior arthroscopy is best suited for fractures involving the posterior one-third of
the talus [30, 60].

Cellier et al. [61] conducted a systematic review of 12 studies involving 22 patients.
The studies showed favorable outcomes with no reported complications, infections,
or avascular necrosis. The majority of cases were Hawkins type II neck fractures and
Sneppen type II body fractures. Hawkins type IV or complex comminuted fractures
were excluded. The authors determined that to evaluate the effectiveness of ARIF
techniques in comparison to open reduction and internal fixation, it is necessary to
conduct trials with sufficient power and include long-term follow-up studies [61].

4.9 Complications
4.9.1 Osteoarthritis

Osteoarthritis (OA), particularly affecting the subtalar joint, is the most
prevalent complication following fractures of the talar neck and body [62].
Fractures of the talar neck and body accompanied by lateral process fractures and
fragmentation of the inferior articular surface further elevate the risk of develop-
ing subtalar arthritis [63].

Tibiotalar arthritis occurs about half as often as subtalar arthritis and usually
appears alongside rather than on its own. Nonetheless, isolated tibiotalar arthritis can
arise from talar body fractures. Symptomatic posttraumatic arthritis can be managed
conservatively through bracing and medication [31, 45].

Treatment options for tibiotalar arthritis include arthrodesis and total ankle
arthroplasty. Some studies have shown a preference for total ankle arthroplasty over
arthrodesis, citing better functional outcomes and an enhanced ability to restore opti-
mal gait mechanics [64]. However, the likelihood of additional surgeries may be more
significant after arthroplasty than arthrodesis. Arthrodesis is the favored treatment
for subtalar arthritis [31, 65].

4.9.2 Osteonecrosis

Osteonecrosis (ON) frequently arises as a complication following fractures and
dislocations of the talar neck and body, historically being the most feared outcome of
talus fractures. The likelihood of osteonecrosis post-talar fracture is heightened with
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increased initial fracture displacement and dislocation, and it is more prevalent in
open injuries [31]. Hawkins found no cases of osteonecrosis in type I fractures, while
Canale and Kelly observed a 13% occurrence in type I fractures [17, 18]. Hawkins
reported a 42% incidence in type II fractures and a 91% incidence in 27 type III
fractures [17].

However, advancements in treatment protocols and a better understanding of the
injury have reduced osteonecrosis rates [37].

The Hawkins sign, visible 6-8 weeks post-injury, is a positive indicator of talar
revascularization. It appears as patchy subchondral osteopenia or lucency at the talar
dome on AP and mortise ankle views, serving as a useful prognostic tool. The pres-
ence of the Hawkins sign reliably suggests that osteonecrosis is unlikely, though its
absence is not as predictive of osteonecrosis development [8].

Magnetic resonance imaging is highly effective in detecting osteonecrosis and
assessing the extent of talar involvement. The primary diagnostic criterion for
osteonecrosis is increased radiodensity of the talus compared to adjacent osseous
structures [8].

Managing patients with osteonecrosis can be complex, as many are asymptom-
atic, and about half experience revascularization without talar body collapse. After
an initial osteonecrosis diagnosis, many patients may eventually show revasculariza-
tion without collapse, and many with radiographic osteonecrosis may not exhibit
symptoms [8, 37].

Initial treatment for osteonecrosis is conservative. It is crucial to recognize that
talar fractures can heal even with osteonecrosis development. The main factor deter-
mining a patient’s progress in weight-bearing on the injured limb is fracture healing.
Once radiographic healing is evident, the patient may begin weight-bearing. Although
prolonged non-weight bearing was historically recommended, it did not prevent
progression or collapse and is now largely discouraged [31, 66].

Additionally, revascularization of the talus may take up to 36 months, making
extended non-weight-bearing impractical until the risk of collapse is non-practical.
There is no conclusive evidence that weight-bearing on an avascular talus contributes
to collapse. Hawkins noted that talus collapse occurred despite enforced non-weight-
bearing for several years [31].

Persistent symptomatic osteonecrosis may require surgical intervention. Three
general categories of procedures exist: joint-sparing (core decompression and
vascularized bone grafting), joint-sacrificing (talar replacement), and salvage
(arthrodesis) procedures. Joint-sparing procedures aim to preserve the native talus
anatomy by promoting the healing of the devascularized area. Ultimately, the choice
of procedure should be based on the surgeon’s expertise, patient factors, and the
severity of ON [31, 66].

4.10 Nonunion and malunion

Talar neck nonunion is rare, less than 5%. Talar neck malunion is more common,
20-37%. The malunion rate may be underestimated as it is hard to detect and measure
misalignment on X-rays. There is no standardized radiographic definition or criteria
for malunion. Preoperative planning is key to preventing malunion and ensuring
proper fracture fixation during the initial surgery [15, 47].

Varus talar neck malunion is the most common deformity in the literature and can
alter the biomechanics of the subtalar and talonavicular joints. Several factors, such as
severity of malunion, presence and extent of arthrosis, and bone stock, will influence
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treatment. Malunion may require a medial opening wedge, corrective osteotomy and
bone grafting. Arthrodesis of the affected joints is another option if osteotomy is not
suitable [47].

5. Conclusion

Talar fractures are complex injuries with a high risk of complications due to the
bone’s anatomy and blood supply. Accurate diagnosis with CT and timely and ana-
tomical reduction are key to success. Modern surgical techniques like dual incisions,
plating, and arthroscopic assistance have improved the management of these injuries.
Understanding fracture patterns and accurate planning is crucial to avoid complica-
tions such as osteonecrosis, malunion, and arthritis and to regain function.
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Chapter 9

Perspective Chapter: Calcaneus
Fracture

Jamal Al-Asiri

Abstract

Calcaneus fractures, the most common tarsal fractures, present significant
challenges due to their complex anatomy and high-energy mechanisms. Historically,
advancements from Bohler’s foundational work on open reduction to modern mini-
mally invasive techniques have transformed management. Key classification systems,
such as Essex-Lopresti (tongue-type vs. joint depression) and Sanders CT-based
classification (Types I-IV), guide treatment decisions by correlating fracture patterns
with prognosis. Displaced intra-articular fractures (Sanders II-1V) typically require
surgical intervention, while non-operative management is reserved for non-displaced
fractures or high-risk patients. Surgical approaches like the extensile lateral approach
(ELA) offer anatomical reduction but carry risks of wound complications, whereas
minimally invasive techniques, including the sinus tarsi approach (STA), reduce
soft tissue damage and infection rates. Emerging technologies, such as 3D printing,
computer-assisted surgery, and biodegradable implants, enhance precision and
patient-specific care. Complications, including wound dehiscence, infection, post-
traumatic arthritis, and malunion, remain prevalent, necessitating strategies like
delayed surgery, patient optimization, and meticulous tissue handling. Rehabilitation
protocols emphasize early mobilization and progressive weight-bearing to restore
function. Despite advancements, challenges persist in balancing anatomical restora-
tion with minimizing morbidity, particularly in severe fractures. Multidisciplinary
collaboration and evidence-based practices are critical to optimizing outcomes,
underscoring the need for personalized treatment aligned with patient-specific fac-
tors and evolving technologies.

Keywords: calcaneus fractures, sanders classification, sinus tarsi approach,
postoperative complications, minimally invasive surgery
1. Introduction

The treatment of calcaneus fractures has undergone substantial advancements
over the past century, transitioning from rudimentary methods to more sophisticated

surgical approaches. Initially, limited understanding of calcaneal anatomy and frac-
ture mechanics resulted in poor functional outcomes. In 1931, Béhler emphasized the

177 IntechOpen



Comprehensive Overview of Foot and Ankle Trauma — Diagnosis, Treatment, Sequels...

importance of restoring calcaneal height and alignment through open reduction and
internal fixation (ORIF), marking a pivotal moment in calcaneal fracture manage-
ment [1]. However, the absence of advanced diagnostic tools and surgical implants at
the time often led to complications such as infections and malunions [2].

In the mid-twentieth century, Gissane highlighted the role of anatomical align-
ment, particularly the “critical angle of Gissane,” in achieving better recovery
outcomes [2]. Essex-Lopresti’s classification system, introduced in 1952, categorized
calcaneal fractures into tongue-type and joint depression fractures, offering a frame-
work that continues to influence clinical practice [3, 4]. This classification signifi-
cantly improved the understanding and treatment strategies for calcaneal fractures.

Advancements in imaging technology and surgical techniques during the latter
half of the twentiethth century further enhanced patient outcomes. For instance,
Palmer’ introduction of the sinus tarsi approach in 1948 provided a less invasive
surgical method with reduced soft tissue complications compared to extensive
exposures [5]. In 1998, Tornetta demonstrated the effectiveness of minimally invasive
techniques, which enabled sufficient fracture reduction while minimizing wound
complications [6]. These historical milestones underscore the progression of calcaneal
fracture management, balancing the need for precise fracture alignment with reduc-
ing patient morbidity.

2. Anatomy of the calcaneus

The calcaneus, commonly referred to as the heel bone, is the largest tarsal bone in
the foot and is fundamental to weight-bearing and locomotion. It forms the posterior
base of the foot, articulating superiorly with the talus at the subtalar joint and ante-
riorly with the cuboid bone to contribute to the calcaneocuboid joint [7]. Its complex
structure and strategic location make it critical in force transmission and mobility.
Key anatomical features include the following:

* Posterior facet: The posterior facet is the largest of the three articular surfaces
located on the superior aspect of the calcaneus. It plays a crucial role in force
transmission through the subtalar joint, enabling smooth interaction between
the calcaneus and talus during gait and other weight-bearing activities [8]
Damage to this facet is often associated with compromised joint function.

* Sustentaculum tali: This medial bony projection supports the talus, providing a
stabilizing platform for its articulation. Additionally, it serves as an attachment site
for the deltoid ligament, a critical structure in maintaining medial ankle stability [7].
Its location and function are integral in balancing forces exerted during movement.

* Calcaneal tuberosity: The posterior prominence of the calcaneus is where the
Achilles tendon inserts. This feature is essential for plantarflexion and propul-
sion during activities like walking, running, and jumping. The integrity of the
tuberosity is crucial for maintaining lower limb biomechanics, and injuries in
this area often result in functional deficits [8].

* Pevoneal tubercle: Located on the lateral surface of the calcaneus, this small
protrusion guides the peroneal tendons, preventing them from displacing. It is
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Hllustrations show calcaneal osteology. (Reproduced with permission from Amboss: The Leg, Ankle, and Foot.
Updated February 23, 2021. Available at: https://images.app.goo.gl/Pf8xhw4sZb2qjF Wg6.

a key landmark in understanding lateral calcaneal fractures and their impact on
tendon function [7].

* Anterior process: The anterior portion of the calcaneus articulates with the cuboid
bone, forming a component of the calcaneocuboid joint. This joint is essential in
stabilizing the lateral column of the foot and contributing to its flexibility and
strength during gait [7, 8].

* Understanding the intricate anatomy of the calcaneus is paramount in diagnos-
ing injuries and planning surgical interventions. Knowledge of its structure not
only aids in restoring alignment and function after fractures but also minimizes
complications, optimizing patient outcomes (Figure 1) [8, 9].

3. Epidemiology and mechanisms of injury

Calcaneus fractures are the most frequently occurring fractures of the tarsal
bones, representing approximately 1-2% of all fractures. Notably, around 75% of
these injuries involve the posterior facet of the subtalar joint, highlighting the sig-
nificance of this anatomical feature in calcaneal injuries (10). These fractures typi-
cally arise from high-energy trauma, with mechanisms such as falls from significant
heights or motor vehicle accidents being the most common causes. The axial loading
of the heel during these incidents generates substantial force, often leading to severe
fracture patterns [3, 10].

The demographic most affected by calcaneus fractures comprises individuals in
their prime working years, generally between 20 and 40 years of age. This age group
not only faces the immediate challenges of the injury but also experiences signifi-
cant socioeconomic impacts due to extended recovery periods and the potential for
lasting disabilities. The high prevalence of these fractures among manual laborers
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is particularly concerning, as it underscores the need for effective treatment strate-
gies to support timely recovery, facilitate return to work, and mitigate the economic
burden associated with prolonged disability [11].

Additionally, calcaneus fractures are frequently accompanied by other injuries,
complicating both treatment and rehabilitation. Associated injuries often include lumbar
spine fractures, caused by the same axial loading mechanism, and other lower extrem-
ity fractures, further contributing to the complexity of patient management [12]. This
multifaceted nature of calcaneus fractures necessitates a comprehensive approach to care,
addressing both the fracture and its associated injuries to optimize patient outcomes [4].

4. Classification systems and fracture patterns

The classification of calcaneus fractures is a cornerstone in their effective manage-
ment, as it guides treatment decisions and aids in predicting patient outcomes [13].
Two primary classification systems are widely used to describe these fractures: the
Essex-Lopresti classification and the Sanders classification.

4.1 Essex-Lopresti classification

Introduced in 1952, the Essex-Lopresti classification focuses on intra-articular
calcaneus fractures and divides them into two main types based on the fracture pat-
tern and mechanism of injury [3]:

* Tongue-type fractures: These fractures are characterized by a vertical fracture line
that extends posteriorly. The pull of the Achilles tendon on the posterior segment
often causes displacement, which can lead to significant functional impairment
if not properly addressed.

* Joint depression fractures: These fractures involve a horizontal primary fracture line.
The posterior facet of the subtalar joint is typically displaced downward into the
body of the calcaneus, disrupting the normal joint alignment and biomechanics.

Figure 2.

Essex-Lopresti classification: We see first an example of a “joint depression” and, in the lower image, a
“tongue type.” The joint depression is notorious for the degree of joint involvement and displacement. Note
that, in the tongue-type fracture, the fracture exits posteriorly, splitting the posterior portion into two.
Different fixation techniques are required to reduce and stabilize this deformity. Available at https://
surgeryreference.aofoundation.ovg/orthopedic-trauma/adult-trauma/calcaneous/displaced-body-fractures/
definitionzm-ller-ao-ota-classification.
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This classification provides a straightforward framework for identifying fracture
patterns and guiding initial treatment approaches (Figure 2).

5. Sanders classification

The Sanders classification, developed in 1993, is based on computed tomography
(CT) imaging and is currently the most widely used system for intra-articular calca-
neus fractures. It categorizes fractures based on the number and location of fracture
lines through the posterior facet of the calcaneus, with prognostic and surgical plan-
ning implications [14, 15]:

* Type I: Nondisplaced fractures with less than 2 mm displacement.
* Type II: Two-part fractures involving a single fracture line.

* Type III: Three-part fractures with two fracture lines, resulting in multiple
fragments.

* Type IV: Comminuted fractures with more than three fragments, often associ-
ated with significant joint disruption and poor outcomes.

The Sanders classification is particularly valuable for surgical planning and
predicting outcomes. Studies have shown that higher types (type III and type IV)
are associated with worse functional results due to the increased complexity of the
fracture and the greater likelihood of joint malalignment (Figure 3) [13].

5.1 Clinical relevance

Both classification systems complement each other and are critical in under-
standing the nature of calcaneus fractures. The Essex-Lopresti classification
provides a simple and effective way to categorize fractures based on their gross
morphology, while the Sanders classification offers a detailed assessment using
CT imaging, facilitating precise surgical intervention and enabling more accurate
prognostication.

5.2 Diagnostic and imaging advancements

The effective diagnosis and management of calcaneus fractures depend on a
thorough understanding of calcaneal anatomy and precise characterization of
fracture patterns. Advances in imaging modalities have significantly enhanced
diagnostic accuracy and surgical planning, ensuring better outcomes for
patients [16].

5.3 Conventional radiographs

Conventional radiographs remain the initial step in evaluating calcaneus fractures.
Standard views, including lateral and axial projections, provide essential information
about fracture alignment, displacement, and overall calcaneal structure. Key angular
measurements obtained from these radiographs aid in assessing fracture severity and
structural disruption:
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Figure 3.

Thge CT images of Sanders type 1I and type III calcaneal fractures. a: Ila: fracture line lateral to the fracture
line; b 11b: fracture line medial; c Ic: fracture line adjacent to the sustentaculum tali; and d, e and f: three-part
fracture of the posterior talar articular surface of type III: Illab, Illac, Illbc. Available at: https://josr-online.
biomedcentral.com/articles/10.1186/513018-024-04606-1.

* Béhler’s angle: This angle is formed by lines drawn from the highest point of the
anterior process to the highest point of the posterior facet and from there to the
highest point of the calcaneal tuberosity. A decreased Béhler’s angle, typically
below 25 degrees, is a reliable indicator of fracture collapse and loss of calcaneal
height. Its measurement is crucial in evaluating the extent of injury and planning
reconstruction [10, 17]

* Gissanes angle: Formed by the intersection of the downward and upward slopes
of the calcaneal superior surface, alterations in this angle suggest significant
disruption of the calcaneal structure. This parameter is particularly useful for
assessing the involvement of the subtalar joint [18].

While radiographs are invaluable for initial assessments, their limitations in
visualizing complex fracture patterns necessitate advanced imaging techniques
(Figure 4).

5.4 Computed tomography (CT)

CT imaging has revolutionized the evaluation of calcaneus fractures by offer-
ing detailed three-dimensional views of the fracture anatomy. It allows precise
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Figure 4.

Bo%zleriv and Gissane’s angles are drawn in lateral view. Bohler’s angle is the intersection of a line drawn from the
highest point of the calcaneal tuberosity to the highest point of the posterior facet and a line between the anterior
and posterior articulating facets. A Bohler’s angle of 20° or less is a sign of a calcaneal fracture. Gissane angle is
the intersection of two lines drawn pavallel to the anterior and posterior facets of the subtalar joint. A normal
angle of Gissane is 100 to 130. Available at: Omeroglu [19].

identification of fracture lines, fragment displacement, and joint involvement,
facilitating accurate classification using the Sanders system. The multiplanar recon-
structions provided by CT are essential for understanding the spatial relationships of
fracture fragments, aiding in surgical planning and outcome prediction [14, 20, 21].

5.5 Magnetic resonance imaging (MRI)

Although not routinely used in the evaluation of calcaneus fractures, MRI may
be employed in specific cases to assess associated soft tissue injuries. This includes
damage to ligaments, tendons, and other surrounding structures that may influence
treatment strategies [22]. Its role is primarily adjunctive, as CT remains the gold
standard for bony injury assessment.

5.6 Clinical implications

Integrating advanced imaging modalities into the diagnostic process has dramati-
cally improved the ability to classify and manage calcaneus fractures. Radiographic
measurements such as Bohler’s and Gissane’s angles provide critical initial insights,
while CT imaging offers comprehensive details for surgical planning. MRI serves
a supplementary role in cases with suspected soft tissue involvement, ensuring a
holistic approach to patient care.

6. Operative vs. non-operative management of calcaneus fractures

Choosing between operative and non-operative management of calcaneus
fractures is a topic of ongoing debate in orthopedic practice [23-26]. This decision
is influenced by several factors, including the type of fracture, patient-specific
factors (e.g., comorbidities, age, and activity level), and potential risks associated
with surgical intervention. Each approach has distinct indications, benefits, and
limitations.
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6.1 Non-operative management

Non-operative management is generally recommended for selecting patient popu-
lations and specific fracture patterns. The main indications include the following:

* Nondisplaced fractures: These include Sanders Type I fractures with minimal or
no displacement. These fractures typically maintain articular congruity and do
not require surgical intervention [14].

* Patients with significant comorbidities or poor skin conditions: Individuals with
severe systemic illnesses, such as diabetes or peripheral vascular disease, or those
with compromised skin integrity around the fracture site, are at a higher risk of
postoperative complications [27].

* Patients unable or unwilling to undergo surgery: In such cases, conservative man-
agement avoids the risks associated with anesthesia and surgery.

Non-operative treatment typically includes a combination of immobilization with
a cast or boot, early initiation of range-of-motion exercises to prevent joint stiffness,
and progressive weight bearing as tolerated. While this approach minimizes the risks
of surgical complications, it may result in suboptimal anatomical alignment of the
calcaneus. This misalignment can lead to long-term functional limitations, including
chronic pain, gait abnormalities, and an increased risk of subtalar arthritis [4, 10].

7. Operative management

Operative management is indicated for fractures with significant displacement
or associated complications. The primary goals of surgical intervention are to restore
articular congruity, realign the calcaneus to its original height and width, and re-
establish normal foot biomechanics. Specific indications for surgery include the
following:

* Displaced intra-articular fractures: Fractures with more than 2 mm of articular
displacement (typically Sanders type II, III, and IV fractures) benefit from surgi-
cal reduction and fixation to restore joint integrity [14].

* Open fractures: Surgical intervention is mandatory to manage open fractures, as
these injuries carry a high risk of infection and require immediate debridement
and stabilization [28, 29].

* Tongue-type fractures with posterior skin compromise: These fractures, where the
displaced fragment threatens or damages the overlying skin, require urgent
surgical intervention to reduce the fracture and alleviate soft tissue tension [30].

Surgical techniques, including open reduction and internal fixation (ORIF) and
minimally invasive approaches, aim to achieve anatomical reduction while mini-
mizing soft tissue complications. Operative management has been associated with
improved functional outcomes, particularly in younger patients and those with less
severe fracture patterns [12]. However, surgical intervention carries risks, including
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infection, wound dehiscence, and hardware-related complications [31, 32]. Careful
patient selection is essential to maximize the benefits of surgery.

7.1 Comparative outcomes and considerations

Calcaneus fractures remain challenging injuries despite advancements in both sur-
gical and nonsurgical treatments. These fractures often affect young, active individu-
als and are associated with long-term complications, including permanent disability,
reduced quality of life, and significant socioeconomic costs [33]. The Buckley trial
identified subgroups of patients who could benefit more from surgical management,
such as women, individuals under 29 years of age, and those not receiving worker’s
compensation. In contrast, male patients, heavy laborers, those on worker’s compen-
sation, and patients with more severe radiographic abnormalities were more likely
to require arthrodesis [12]. The association may reflect that men are more prone to
sustaining high-energy trauma, such as work-related injuries, while heavy laborers
are more susceptible to post-malunion pain. Furthermore, severe radiographic find-
ings likely compromise foot and ankle biomechanics, while worker’s compensation
may influence the perception of symptoms. These factors should inform the surgeon’s
decision-making process, as surgical restoration of hindfoot anatomy and biomechan-
ics may provide better outcomes for certain patients with displaced intra-articular
calcaneal fractures (DIAFCs).

The UK Heel Fracture Trial [23] underscored the critical role of patient prefer-
ences in choosing a treatment strategy. Some fractures, particularly those with
lateral wall displacement causing impingement, are often severe enough to neces-
sitate surgery. Investigators noted that including such severe fractures in the trial,
with randomization between surgical and nonsurgical management, might have
significantly altered its findings. As a result, the broad conclusion that “patients
with calcaneal fractures do not benefit from surgery” appears overly simplistic.
While the trial highlights issues such as potential selection bias and challenges in
result interpretation, it emphasizes that surgery carries inherent risks and does
not guarantee excellent outcomes. Surgeons must remain cautious in balancing
these considerations.

When planning treatment, surgeons must anticipate potential long-term conse-
quences of their management choices. They need to evaluate the likelihood of specific
outcomes and how complications can be addressed. Current evidence offers limited
certainty and cannot fully predict results. Therefore, decision-making should inte-
grate statistical evidence with the surgeons clinical expertise, judgment, and experi-
ence. Patient preferences must also be factored in, with surgeons presenting unbiased
and comprehensive information to facilitate informed choices [4, 34].

8. Surgical techniques and comparative studies in calcaneal fractures

Surgical management of displaced intra-articular calcaneal fractures (DIACFs)
has evolved significantly, with various approaches being developed to optimize
outcomes while minimizing complications. Among these, the extensile lateral
approach (ELA) remains a traditional gold standard, while minimally invasive
techniques (MIS) offer alternative strategies with reduced risks of soft tissue
complications. Comparative studies highlight the strengths and limitations of
these approaches [35].
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8.1 Extensile lateral approach (ELA)

The extensile lateral approach (ELA) is a well-established method for treating com-
plex and comminuted DIACFs. This approach utilizes a large L-shaped incision along
the lateral calcaneal wall, providing extensive exposure for visualizing and manipulat-
ing fracture fragments. ELA enables the restoration of the posterior facet, calcaneal
height, and alignment with internal fixation devices, such as plates and screws [36, 37].

Despite its advantages in achieving anatomical reduction, the extensive soft tissue
dissection inherent in ELA contributes to a higher risk of wound complications.
Reported complication rates range from 10 to 25%, including wound dehiscence,
infection, hematoma, and sural nerve injury [12, 38, 39]. Risk factors such as smok-
ing, diabetes, peripheral vascular disease, and prolonged operative times exacerbate
these complications [40-42]. These risks have prompted the development of less
invasive techniques (Figure 5).

8.2 Minimally invasive surgical (MIS) techniques

Minimally invasive techniques aim to reduce soft tissue disruption while achiev-
ing effective fracture reduction and fixation. These approaches are associated
with reduced wound complications, shorter operative times, and quicker recov-
eries [43-45].

8.3 Sinus tarsi approach

The sinus tarsi approach (STA) involves a small incision, typically 3-5 cm, over the
sinus tarsi to access the subtalar joint and posterior facet, facilitating direct visualiza-
tion and reduction of the posterior facet fragment with fixation using screws or mini-
plates [46, 47]. As a minimally invasive alternative to the extensile lateral approach
(ELA), STA has gained significant popularity for managing displaced intra-articular
calcaneal fractures. Numerous studies have emphasized its advantages, including a
notable reduction in wound complications and a decrease in surgical duration, mak-
ing it a preferred approach in appropriate clinical settings.

The meta-analysis by Mehta et al. provides robust evidence supporting the sinus
tarsi approach (STA) for treating displaced intra-articular calcaneal fractures,
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Extensile lateral approach for intra-articular displaced calcaneus fracture. Available at: https://
surgeryreference.aofoundation.ovg/orthopedic-trauma/adult-trauma/calcaneous/approach/
extended-lateral-approach-to-the-calcaneus.
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particularly in reducing wound complications compared to the extensile lateral
approach (ELA). STA is associated with a significantly lower odds ratio for wound
complications (0.20, 95% CI 0.11-0.36), demonstrating a substantially reduced
risk [46]. This finding is corroborated by additional studies highlighting STA’s
benefits: lower incidences of wound healing complications and postoperative sural
nerve injuries (p < 0.000) [47], and a trend toward fewer wound complications,
although not always statistically significant (p > 0.05) [48]. STA also offers a shorter
operative time, with studies reporting significantly faster procedures compared to
ELA (p < 0.001 and p < 0.05) [48, 49]. Despite less extensive surgical exposure,
STA achieves comparable functional outcomes to ELA, with no significant differ-
ences in American Orthopedic Foot and Ankle Society (AOFAS) scores [46]. Basile
etal. [48] further noted similar clinical and radiographic outcomes between the
two approaches. Collectively, these findings establish STA as a minimally invasive,
efficient, and effective alternative to ELA, with reduced wound complications and
surgical durations (Figure 6).

8.4 Percutaneous fixation

Percutaneous fixation uses small incisions and fluoroscopic guidance to achieve
fracture reduction and stabilization with screws, pins, or wires. This technique is
particularly effective for less comminuted fractures (e.g., Sanders Type II) and in
patients with elevated risk for wound healing complications [46, 47].

Hsu et al. reviewed the outcomes of percutaneous fixation, reporting low wound
complication rates (2-4%) and satisfactory functional results [47]. However, this
technique may be less effective in achieving precise anatomical reduction in complex,
comminuted fractures [46].

8.5 Arthroscopic-assisted reduction

Arthroscopic-assisted reduction combines MIS with arthroscopy, enabling
direct visualization of the subtalar joint during fracture reduction. This technique is
designed to improve articular surface restoration while maintaining the benefits of
minimally invasive approaches [48, 49].

¢
/
/

Figure 6.

Sinus tavsi approach to the intra-articular calcaneus fracture. Available at: https://surgeryreference.aofoundation.
org/orthopedic-trauma/adult-trauma/calcaneous/approach/sinus-tarsi-approach-to-the-calcaneus?searchurl=/
searchresults.
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Yeap et al., compares outcomes between open reduction internal fixation (ORIF)
and arthroscopic-assisted percutaneous screw fixation (APSF) for displaced intra-
articular calcaneal fractures. Both approaches resulted in similar radiographic
reductions and functional outcomes based on AOFAS and SF-36 scores. However,
APSF demonstrated advantages, including significantly shorter preoperative and
postoperative durations, earlier return to work (2.9 vs. 6.2 months), and no wound
complications in either group. One study involving percutaneous fixation of Sanders
type ITA and IIB fractures noted an excellent mean AOFAS score of 92 with 0%
wound dehiscence and infection rate when reductions were confirmed with subtalar
arthroscopy [50].

While APSF’s minimally invasive nature offers reduced hospital stays and faster
recovery, the study highlights its limitations, such as a small sample size and lack
of randomization, which may affect the generalizability of the findings. Further
research with larger cohorts is recommended to confirm these outcomes [51].

9. Comparative insights and future directions

The choice of surgical technique depends on fracture complexity, patient-specific
factors, and the surgeon’s expertise. While ELA provides excellent access for complex
fractures, its risks make MIS techniques increasingly appealing. Comparative studies
emphasize the efficacy of MIS approaches like the sinus tarsi and percutaneous tech-
niques in reducing soft tissue complications while preserving functional outcomes.
Emerging methods, such as arthroscopic-assisted reduction, offer promising results
in improving anatomical restoration and minimizing long-term sequelae, warrant-
ing further exploration. Clinicians are still working to identify the specific fracture
patterns that are best suited for these approaches. However, these techniques are
generally considered beneficial for patients with soft tissue compromise, elevated
risk factors for wound healing complications, and fractures with minimal comminu-
tion [47].

9.1 Advanced fixation methods and future technologies in calcaneal fracture
management

The management of displaced calcaneal fractures continues to benefit from
advances in surgical technology, which aim to improve outcomes by enhancing
precision, reducing complications, and tailoring treatments to individual patients.
Emerging methods and technologies are transforming the landscape of fracture fixa-
tion, offering innovative solutions to longstanding challenges.

9.2 Computer-assisted surgery (CAS)

Computer-assisted surgery (CAS) integrates imaging technologies with navigation
systems to optimize intraoperative precision. CAS allows surgeons to achieve three-
dimensional (3D) visualization of the calcaneus, facilitating accurate reduction of
fracture fragments and precise placement of fixation devices. This technology ensures
restoration of the calcaneal anatomy and alignment, critical for functional outcomes
[52-54].

Based on the current evidence, the advantages of CAS over traditional fixation
are clear. The long-term clinical effects of the two methods are also good, and the
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short-term effect of robot assistance is better. However, the quality of some studies
is low, and more high-quality randomized controlled trials (RCTs) are needed for
further verification [54].

These advantages make CAS particularly valuable in managing complex and com-
minuted fractures, where anatomical landmarks may be distorted.

9.3 Three-dimensional (3D) printing and patient-specific implants

Three-dimensional printing technology has revolutionized surgical planning and
implant customization. By using patient-specific CT data, 3D printing enables the
creation of anatomical models and custom implants tailored to the unique geometry
of the calcaneus. This approach enhances preoperative planning and ensures a better
fit for fixation devices [55].

Compared to the conventional group, when comparted to the conventional
surgery, the 3D model-assisted group provide successful intervention and reduce
operation, instrumentation time and the fluoroscopy usage with less blood loss.
Performing 3D-assisted surgery helps the quality of reduction during the surgery
and stability of internal fixation to protect achieved reduction at follow-up more
successfully [53, 55].

9.4 Biodegradable implants

Metallic screws are commonly utilized in the treatment of calcaneal fractures
due to their low risk of infection and minimal incidence of skin irritation. Current
evidence indicates that metallic screw fixation performed via the sinus tarsi approach
yields comparable outcomes to plate fixation. Postoperative evaluations, including the
American Orthopedic Foot & Ankle Society (AOFAS) score, Bohler’s and Gissane’s
angles, and the maintenance of reduction, show no significant differences between
these two fixation methods [56, 57].

Biodegradable fixation devices, including screws and plates made from materials
such as polylactic acid (PLA), offer an alternative to traditional metal implants. These
devices are designed to degrade within the body over time, eliminating the need for
subsequent hardware removal surgeries. Additionally, biodegradable implants reduce
long-term risks associated with metallic hardware, such as irritation, infection, and
allergic reactions [58-61].

Biodegradable implants are increasingly important in eliminating the need for
painful and inconvenient secondary surgeries required for implant removal or
replacement. To ensure successful healing fractures with biodegradable implants, a
comprehensive approach must be adopted. This includes selecting appropriate raw
materials, designing and manufacturing implants with compatible features, planning
for the implantation phase, and addressing the remodeling and degradation stages as
the healing process concludes [59].

Understanding the behavior of the bone-implant interface is critical, requiring an
analysis of mechanical properties, degradation dynamics, and biological interactions.
This combined analysis informs the development of effective and optimized implant
designs tailored to support bone healing. An ideal biodegradable implant must pro-
vide sufficient mechanical strength during recovery while gradually losing integrity at
the bone-implant interface as healing progresses, ensuring seamless integration and
support throughout the recovery period [61].
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9.5 Augmented reality (AR) in surgery

Augmented reality (AR) is an emerging technology that overlays digital informa-
tion onto the surgeon’s field of view during an operation. AR enhances anatomical
visualization and orientation, aiding in real-time decision-making and improving
surgical accuracy [62-64]. This technology is particularly advantageous in cases of
complex calcaneal fractures, where traditional visualization methods may be insuf-
ficient due to severe anatomical distortion.

The potential applications of AR in fracture management, highlighting its ability
to reduce surgical errors and improve precision [65]. While AR is still in the experi-
mental stages, its integration with other technologies such as CAS and 3D printing
could revolutionize the surgical treatment of calcaneal fractures [53].

10. Future directions

The integration of advanced technologies such as CAS, 3D printing, biodegradable
implants, and AR represents a paradigm shift in calcaneal fracture management. As
these technologies become more widely adopted, they promise to enhance patient-
specific care, improve functional outcomes, and reduce complications. Continued
research and development are essential to refine these methods and assess their
long-term efficacy [4].

11. Orthobiologics and bone grafts in calcaneal fracture management

Orthobiologics, including bone morphogenetic proteins (BMPs) and mesen-
chymal stem cells (MSCs), are emerging as promising adjuncts in the management
of calcaneal fractures, particularly in cases with bone loss or compromised heal-
ing potential [66]. These biological agents stimulate osteogenesis and enhance
bone repair by promoting cellular activity and differentiation at the fracture site
[66-68].

Bone morphogenetic proteins, such as BMP-2 and BMP-7, have demonstrated effi-
cacy in augmenting bone healing, especially in challenging cases involving non-union
or significant bone loss [69]. Additionally, MSCs, derived from sources such as bone
marrow or adipose tissue, can differentiate into osteoblasts, thereby contributing to
bone regeneration [70]. However, while initial studies suggest positive outcomes, the
efficacy and safety profiles of these agents require further validation through rigorous
clinical trials.

The existing evidence is of low quality, largely due to study designs prone to
significant selection bias, small sample sizes, insufficient reporting of patient and
surgical risk factors for non-union, and variability in study populations, orthobio-
logic materials, surgical techniques, and outcome assessments. Consequently, there
is limited guidance for surgeons on identifying patients who might benefit most
from orthobiologics or selecting the appropriate orthobiologic. The lack of evidence
supporting the superiority of orthobiologics over their absence underscores the
importance of thoroughly evaluating individual patient risk factors for non-union
before considering orthobiologic use [68]. Additionally, patients and clinicians

should be aware that using orthobiologics for foot and ankle arthrodesis is classified
as “off-label”
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11.1 Challenges and future directions

The integration of orthobiologics into routine clinical practice faces challenges,
including cost, regulatory approval, and potential complications such as ectopic
bone formation. There is insufficient evidence to assess costs or cost-effectiveness of
orthobiologics. Two studies reported operation time, finding longer times for pro-
cedures involving graft harvest but no difference in operation time when non-graft
orthobiologic products were used [71, 72].

Future research should prioritize optimizing delivery methods, determining
appropriate dosages, and assessing long-term outcomes to potentially establish these
therapies as a standard approach in managing calcaneal fractures. Based on current
evidence, we recommend implementing utilization reviews and approval processes
prior to orthobiologic use. This approach would help target orthobiologic application
and any subsequent surgical interventions to patients or arthrodesis sites at the high-
est risk of non-union. Providers and policymakers should remain mindful of the costs
and potential morbidity associated with the widespread adoption of orthobiologics,
particularly given the insufficient to low-quality evidence supporting their benefits,
which are largely based on radiographic rather than clinical outcomes.

11.2 Primary subtalar fusion: Indications, outcomes, and comparative studies

Primary subtalar arthrodesis, or fusion of the subtalar joint during the initial surgical
intervention, is a targeted approach for managing severely comminuted calcaneal frac-
tures, particularly Sanders Type IV fractures where articular reconstruction is deemed
unfeasible [73-75]. This procedure stabilizes the hindfoot, reduces pain, and facilitates
early weight-bearing, making it a valuable option in specific clinical scenarios.

11.2.1 Indications
Primary subtalar fusion is indicated in the following cases:

* Severely comminuted fractuves (e.g., Sanders Type IV): When joint restoration is
impractical due to extensive damage [74-76].

* Elderly patients with poor bone quality: Patients with osteoporosis or compro-
mised healing capacity.

* Pre-existing subtalar arthritis: Cases where arthritic changes preclude effective
reconstruction [75, 77].

11.2.2 Outcomes

Studies indicate that primary subtalar arthrodesis can lead to favorable outcomes
in patients with severe calcaneal fractures. A retrospective analysis involving 12
patients showed a mean American Orthopedic Foot and Ankle Society (AOFAS)
score of 82.25, indicating satisfactory functional recovery [77]. A case series by
Buckley et al. examined 14 patients with comminuted intra-articular calcaneal
fractures treated with primary subtalar arthrodesis. After a 26-month follow-up, the
mean AOFAS score was 72.4 points. The authors concluded that primary subtalar
fusion is the treatment of choice for Sanders type IV fractures [78]. A meta-analysis
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was done to compare the functional outcome of ORIF vs. primary subtalar arthrod-
esis (PSA) for Sanders type II and type III calcaneal fractures according to American
Orthopedic Foot and Ankle Score (AOFAS) hindfoot-ankle scores. They concluded
that while high-quality randomized controlled trials comparing ORIF to primary
subtalar arthrodesis for type II and type III fractures would further elucidate supe-
rior treatment outcomes, this meta-analysis of available data shows a tendency for
ORIF of type II and type III Sanders calcaneal fractures to have a better functional
outcome at approximately 2 years postoperatively compared to primary subtalar
arthrodesis [76].

11.2.3 Considerations

While primary subtalar fusion sacrifices subtalar motion, this limitation is often
outweighed by the benefits of pain reduction and enhanced stability. Patient selection
is critical to optimizing outcomes. The procedure is reserved for cases where joint
salvage is unlikely to yield satisfactory results, such as in the elderly or those with
severe comminution [73].

Additionally, counseling patients about the functional trade-offs, such as reduced
ankle mobility, is essential for setting realistic postoperative expectations.

11.3 Complications in calcaneal fracture management

Complications are a significant concern in the management of calcaneal
fractures and vary depending on the treatment modality and surgical approach
used. Recent studies have shed light on the frequency, nature, and contributing
factors of complications, providing insights into strategies for their prevention
and management.

11.4 Wound complications and reoperations

In a recent meta-analysis [79] that include a total of 21 articles (4 randomized
control trials, 17 cohort studies) comprising of 2086 patients with calcaneal fractures,
treated with either ELA (n = 1129) or STA (n = 957) met inclusion criteria. It finds
the risk of postoperative wound-related complications (RR 2.82, 95% CI: 2.00-3.98,
12 = 27%) and the risk of reoperation (RR 1.85, 95% CI: 0.69-5.00, 12 = 67%) was
higher in ELA patients comparted to STA patients. However, the increased risk of
postoperative wound-related complications with an ELA vs. STA was shown to be
trending downward in recent publications.

11.4.1 Infections

Managing calcaneus fractures poses a significant challenge for trauma surgeons
due to the bone’s unique anatomical structure and the limited soft-tissue coverage.
While operative treatment offers potential benefits, these can be outweighed by
complications. Among the most serious is wound infection, which may result in
implant removal, non-union, or even amputation. The overall prevalence of Surgical
site infections (SSI) in reported data is between 0 and 20% for closed and 19-33% for
open calcaneal fractures [79-83].
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In a systematic review by Attenasio et al., including 2086 patients (1129 ELA vs.
957 STA), the studies included all four Sanders fracture types (88.8% of which were
type I and III). They reported significantly higher (2.82 times) wound complications
(necrosis, infection, and dehiscence) in the ELA compared to STA [79].

11.4.2 Nerve injuries

Sural nerve injury is a potential complication of lateral approaches, particularly
ELA, resulting in sensory deficits, neuromas, or neuropathic pain. Rates of sural
nerve injury with ELA have been reported to be between (9.1-25%) [36, 40, 84-86].
Careful dissection, precise anatomical identification, and avoidance of excessive
tension on nerve structures are critical to minimizing these injuries.

11.4.3 Non-union and malunion

Non-union is rare in calcaneal fractures but can occur due to factors such as
poor vascular supply, infection, or inadequate fixation. Malunion, on the other
hand, is more common, particularly in non-operatively managed fractures or
cases with inadequate reduction [87, 88]. Malunions often manifest as various
deformities or loss of calcaneal height, leading to altered gait mechanics and
chronic pain [89].

Patients treated non-operatively will require surgical intervention to avoid func-
tional impairment and long-term disability. This is particularly important as these
fractures frequently occur in young to middle-aged industrial workers. Without
surgical treatment, displaced fractures can lead to severely disabling malunions
characterized by distinct clinical and radiographic feature [90].

11.4.4 Post-traumatic arthvitis

Damage to the subtalar joint cartilage during the initial injury often leads to post-
traumatic arthritis, which is characterized by chronic pain and stiffness. The severity
of arthritis is closely related to the fracture type and the precision of articular surface
restoration [91-95]. A study indicated that up to 33% of patients with displaced
intra-articular fractures developed subtalar arthritis severe enough to warrant
arthrodesis [96].

11.4.5 Venous thromboembolism (VTE)

Venous thromboembolism (VTE) is an uncommon occurrence following isolated
foot and ankle fractures. Current guidelines do not support the routine use of VTE
prophylaxis after these types of fractures or related surgeries. Preventative strategies,
such as prophylactic anticoagulation, are tailored to the identification of underlying
patient risk factors—both acquired and inherited—that increase the likelihood of
developing VTE [97].

Patients with calcaneal fractures are at risk of deep vein thrombosis (DVT) and
pulmonary embolism (PE) due to prolonged immobilization and the hypercoagulable
state induced by trauma. There is 1.5% incidence of symptomatic VTE in surgically
managed patients, so routine chemoprophylaxis is not indicated [97].
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11.4.6 Compartment syndrome

Although rare, compartment syndrome of the foot can occur due to swelling
within the calcaneal compartments, leading to ischemia and tissue necrosis if not
promptly recognized and treated [98]. Treatment of compartment syndrome in the
acute phase includes emergency fasciotomy to release pressure from the compartment
to prevent additional tissue damage [91, 98-101].

11.4.7 Complex regional pain syndvome (CRPS)

Hyperalgesia and allodynia are key features of complex regional pain syndrome
(CRPS), a chronic pain condition that typically affects the limbs and often arises after
a traumatic event or surgical procedure involving an extremity. To date, most research
on the incidence of CRPS has focused on wrist fractures, with limited studies exam-
ining its occurrence after foot and ankle surgeries and none specifically addressing
its prevalence following calcaneal fractures. Retrospective analysis of patients with
calcaneal fractures has identified male gender, shorter immobilization periods, and
vitamin C supplementation as significant factors in reducing the risk of developing
CRPS. Prospective studies with larger patient populations and comparisons of various
treatment protocols would provide more valuable insights [102].

12. Strategies to reduce complications in calcaneal fracture management

Effective management of calcaneal fractures includes implementing strategies
to minimize complications, which can significantly impact patient outcomes. These
strategies focus on patient optimization, precise surgical timing, meticulous surgical
techniques, and the application of prophylactic measures.

12.1 Patient optimization

Optimizing patient health prior to surgery can significantly reduce the risk of
complications, particularly wound-related issues.

* Controlling comorbidities: Addressing conditions such as diabetes, which impairs
wound healing, is critical. Glycemic control reduces the risk of infection and
promotes better tissue repair [103, 104].

* Smoking cessation: Smoking is a well-known risk factor for delayed wound healing
and increases the likelihood of infection. Preoperative smoking cessation has
been shown to improve surgical outcomes [105].

12.1.1 Surgical timing

Timing of surgery plays a crucial role in reducing complications, especially
wound-related issues.

* Delayed surgery: Waiting until soft tissue swelling subsides is a widely accepted
strategy. The presence of the “wrinkle sign,” which indicates subsidence of
edema and improved skin condition, serves as a reliable marker for safe surgical
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timing. Buckley et al. emphasized that delayed surgery reduces tension on soft
tissues, thereby minimizing wound complications [78].

12.1.2 Surgical technique

Meticulous surgical technique is essential to avoid unnecessary complications and
ensure optimal outcomes.

* Minimizing soft tissue dissection: Minimally invasive approaches, such as the sinus
tarsi approach, are increasingly favored to reduce soft tissue disruption and the
associated risk of wound complications [4, 10].

* Tissue handling: Careful and meticulous handling of soft tissues during surgery
helps preserve vascular supply and prevent necrosis.

o Selecting the appropriate approach: The choice of surgical approach should be
tailored to the fracture pattern and patient-specific factors, balancing the need
for adequate exposure with minimizing soft tissue damage [79, 94, 106].

13. Prophylactic measures

Prophylactic interventions are critical in reducing the incidence of complications
related to infection, venous thromboembolism (VTE), and delayed detection of issues
(Figure 7).

* Antibiotics: The routine use of prophylactic antibiotics has been proven effective
in reducing the risk of surgical site infections [107-109].

» VTE prophylaxis: Trauma and immobility predispose patients to venous
thromboembolism. Prophylactic anticoagulation for high-risk patients, along
with mechanical measures such as compression devices, significantly reduces
this risk [97, 110].

Figure 7.

The image shows a foot 14 days after injury appropriate for surgery, with the “wrinkle sign” present. Available
at: https://surgeryreference.aofoundation.org/orthopedic-trauma/adult-trauma/calcaneous/approach/
sinus-tarsi-approach-to-the-calcaneus?searchurl=/searchresults.
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* Close postoperative monitoring: Early detection of complications through vigilant
postoperative monitoring allows timely intervention, potentially preventing
progression to more severe issues [111, 112].

14. Outcomes in calcaneal fracture management

Functional outcomes following calcaneal fracture treatment are influenced by
numerous factors, including fracture severity, accuracy of fracture reduction, choice
of surgical approach, and the presence or absence of complications. Advances in
treatment modalities and evidence from recent studies have provided deeper insights
into long-term functional and quality-of-life outcomes.

The outcomes of displaced intra-articular calcaneal fractures vary significantly
and are influenced by multiple factors. To date, large randomized controlled trials
have not established clear advantages of open reduction and internal fixation
(ORIF) over nonsurgical management. Key determinants of patient outcomes
include the precision of reduction, the severity of the initial injury, and the
number of articular fragments involved. For instance, the Sanders classifica-
tion system plays a crucial role in predicting outcomes, with patients sustaining
Sanders type I or type Il injuries experiencing significantly better results com-
pared to those with Sanders type IV fractures [36, 113]. While anatomic reduction
is typically achievable for most Sanders type II and type III fractures, it is rarely
possible for Sanders type IV injuries.

A level II study published in 2013 compared ORIF to nonsurgical treatment for
displaced intra-articular calcaneal fractures. The findings revealed no superiority
of ORIF at 1 year postoperatively, though longer-term benefits were observed 8 to
12 years after surgery. Despite the advantages of ORIF in reducing subtalar arthritis,
it was associated with a higher complication rate. Among the fractures, 57% were
reduced to within 2 mm, while 19% of patients experienced infections [114]. Notably,
one patient required transtibial amputation due to methicillin-resistant Staphylococcus
aureus infection, and another underwent removal of instrumentation followed by
intravenous antibiotic therapy.

Complications profoundly affect outcomes, prompting many surgeons to explore
minimally invasive techniques for managing complex calcaneal fractures. These
approaches may yield better outcomes compared to the traditional extensile lateral
approach, provided they achieve comparable anatomic reductions and stable fixation
[115]. Poor outcomes are often linked to surgical fixation with inadequate reduction
or significant complications. The choice of surgical technique significantly influences
wound complication rates, with studies showing lower rates of wound issues using the
sinus tarsi or other minimally invasive methods compared to the extensile approach.
Wound complication rates with the extensile lateral approach range from 30 to 40%,
compared to 8 to 15% with a sinus tarsi approach [113, 116-119]. However, delayed
surgery using minimally invasive methods—typically 7 to 10 days post-injury—can
increase the risk of wound complications due to the challenges of indirect techniques.

Another key predictor of outcomes is the Bohler angle at the time of injury.
Patients with a Bohler angle between 15 and 36°, moderate tongue-type fracture
patterns, and non-work-related injuries generally experience favorable outcomes.
Surgical restoration of the Bohler angle within this range, without requiring
arthrodesis, in cases of unilateral, non-work-related injuries also correlates with
better results [119].
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The largest study to date on open calcaneal fractures analyzed 127 cases over
12 years, reporting an overall complication rate of 23.5%. Of these fractures, 12.2%
resulted in deep wound infections, and 2.5% led to amputations [120]. A systematic
review of 616 open calcaneal fractures found an average time to surgical repair of
9.8 days, with a complication rate of 21% [121].

14.1 Return to work and quality of life

Surgical restoration of angles can positively influence the functional outcomes of
patients, but this is not the only variable and thus should not be exclusively used to
analyze the functional outcome and time to return to work of patients [122]. Patients
with calcaneal fractures experience significantly lower health-related quality of life
(HRQoL) compared to the general population and often face chronic disabilities.
Factors such as comorbidities, psychiatric history, or female gender are associated
with even lower HRQoL scores [123].

14.2 Rehabilitation and physiotherapy

Postoperative rehabilitation plays a pivotal role in optimizing recovery after
calcaneal fracture management. Structured rehabilitation programs emphasizing
early mobilization, joint range of motion, and strength training have been shown to
improve functional outcomes and reduce stiffness.

Rehabilitation following calcaneal fractures begins with managing edema and
preventing Achilles tendon contracture. For all types of calcaneal fractures, immedi-
ate application of a splint with compression bandages and elevation is recommended
to control swelling. In surgically treated fractures, a non-removable splint should
be placed over the surgical dressings until the wound heals, which typically occurs
within 2 to 3 weeks, at which point range of motion exercises can begin. For nonsurgi-
cally managed fractures, range of motion exercises may be initiated as soon as soft
tissue swelling subsides.

Bony union generally takes 6 to 12 weeks, at which time progressive weight-
bearing activities can start. Partial weight bearing is traditionally introduced between
6 and 8 weeks, followed by full weight bearing between 3 and 4 months, with brace
removal typically occurring between 4 and 6 months. Studies have shown that early
weight bearing—starting as soon as 4 to 5 weeks postoperatively—does not increase
the subsidence of the subtalar joint when treated with locking plates and 4.0 mm
screws. In fact, a multicenter randomized study indicated that weight-bearing initia-
tion at 3 weeks postoperatively improved joint congruence, fracture reduction, and
patient outcome scores.

Patients can generally expect to return to their preinjury occupation within 6 to
9 months. By this time, most regain near-full dorsiflexion and plantar flexion of the
ankle, along with 50 to 75% of subtalar joint inversion and eversion.

15. Conclusion

The management of calcaneus fractures has undergone transformative advance-
ments over the past century, marked by significant progress in anatomical under-
standing, diagnostic imaging, classification systems, surgical techniques, and the
integration of emerging technologies. Historical milestones, such as Béhler’s emphasis
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on restoring calcaneal height and Essex-Lopresti’s classification system, laid the
groundwork for modern treatment paradigms that prioritize anatomical restoration
and functional recovery.

Technological advancements, including computed tomography (CT) imaging,
have revolutionized the precision of fracture assessment, enabling the application
of refined classification systems such as the Sanders classification. These tools have
guided the development of both traditional and minimally invasive surgical tech-
niques, enhanced surgical outcomes while mitigating complications.

Operative management remains the gold standard for displaced intra-articular
calcaneal fractures, with open reduction and internal fixation (ORIF) providing
superior functional outcomes. Minimally invasive surgical approaches, such as the
sinus tarsi approach, have gained traction by reducing soft tissue complications
without compromising functional recovery. The advent of cutting-edge techniques,
including computer-assisted surgery, three-dimensional printing, and orthobiologics,
has further improved fracture fixation and healing, offering patient-specific solutions
to complex cases.

Despite these advancements, challenges persist, including high rates of wound
complications, post-traumatic arthritis, and long-term functional limitations in
severe fractures. Patient selection, optimized surgical timing, and meticulous surgi-
cal technique remain critical to minimizing these risks. Additionally, the role of
postoperative rehabilitation is increasingly recognized as a cornerstone of recovery,
emphasizing the need for structured physiotherapy programs to maximize functional
outcomes.

The future of calcaneus fracture management lies in the continued integration of
innovative technologies, improved biological therapies, and evidence-based practices
to enhance patient care. With ongoing research and development, clinicians are better
equipped than ever to deliver personalized and effective treatments, balancing the
dual goals of anatomical restoration and functional rehabilitation.

This evolution underscores the importance of multidisciplinary collaboration
in achieving optimal outcomes for patients with calcaneus fractures, as orthopedic
surgeons continue to refine their approaches based on emerging evidence and techno-
logical advances.
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