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Foreword

The Interventional Treatment of Wounds: A Modern Approach for Better Outcomes
emphasizes the proper use of surgical techniques. Most wounds are addressed con-
servatively with medical care rather than surgery and have a 75% chance of healing.
The role of surgery in massive traumatic wounds and after cancer ablation is well-
defined. Its role for the chronic wound is underappreciated.

Surgery for the chronic wound involves a multidisciplinary approach that
includes vascular surgery, general surgery, plastic surgery, orthopedics, and
podiatric surgery. There are also many medical specialties involved including
infectious disease, rheumatology, dermatology, internal medicine, and hyper-
baric medicine.

The most important factor is to define the etiology of the wound. Addressing
both arterial and venous blood flow and achieving a clean wound are the first
step. The next is to assess the biomechanical causes of the wound. The goal is to
achieve maximal function within each patient’s physical and medical capacity.
The chapters elegantly deal with each of the possible reconstructive options for
lower extremity salvage and pressure ulcers. They also deal with amputations
that can lead to a very functional foot when done using sound biomechanical
principles. Finally they deal with the surgical treatment of pressure sore, a con-
tinual and frustrating wound.

By emphasizing biomechanics and soft tissue reconstructive options, the reader
quickly understands what needs to be done to avoid wound recidivism as well as
restore function. The lower extremity chapters focus on the foot and ankle and
include details on how to optimize the outcome. The chapters on soft tissue
options discuss multiple flap options as well as the easier skin graft and the proper
use of biologics.

Negative pressure wound therapy’s role is also discussed for its ability to both
prepare a wound for closure and allow a wound to heal by secondary intention.



vi Foreword

Dr. Orgill is a renowned expert in wound healing and has put together a wonderful
series of chapters written by experts in their fields. This section should give any
surgeon all the tools necessary to handle complex wounds in a systematic and logical
way with excellent illustrations and videos. Welcome to an exciting approach to
complex wounds.

Christopher E. Attinger, MD
Professor, Plastic Surgery
Georgetown University
Washington, DC, USA
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Part I
Surgical Methods and Techniques



Chapter 1
Surgical Debridement

Joshua A. David and Ernest S. Chiu

Introduction

Wound debridement is defined as the removal of devitalized or necrotic tissue, for-
eign bodies, and microorganisms from a wound bed in order to facilitate or expedite
wound healing. Varying types of wound debridement techniques exist, but surgical —
or sharp — debridement remains the gold standard in both acute and chronic wound
management. First formally described by the eighteenth century French surgeon
Pierre Joseph Desault, surgical debridement has evolved into a fundamental tech-
nique for restoring the appropriate biochemical conditions required for optimal
wound healing. In addition to removing the various types of debris that impair
wound healing, surgical debridement offers adjunctive benefits, such as the opportu-
nity to culture the wound, collect biopsies, and perform a comprehensive inspection
of the wound bed and local tissues for surgical or therapeutic planning. As we con-
tinue to discover more about the biology and physiology of wounds, we are increas-
ingly aware of the significance of surgical debridement in preparing the wound bed,
minimizing infection, and stimulating a microenvironment that favors successful
wound healing.

Electronic Supplementary Material: The online version of this chapter (https://doi.
org/10.1007/978-3-319-66990-8_1) contains supplementary material, which is available to autho-
rized users.

J.A. David, BS ¢ E.S. Chiu, MD FACS (<)

Hansjorg Wyss Department of Plastic Surgery, New York Langone Medical Center,
New York, NY, USA
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Wound Healing

Decades of scientific research have redefined the ways in which we evaluate and
treat wounds. A more concrete understanding of the molecular and cellular compo-
nents that facilitate physiologic healing — and propagate impaired healing — has
expedited advancements in wound healing modalities such as synthetic and biologic
dressings, skin substitutes, and exogenous growth factors. It has also helped us
understand how surgical debridement functions to improve wound healing. Normal
wound healing consists of four well-described and predictable stages, namely,
hemostasis, inflammation, proliferation, and, lastly, remodeling of the extracellular
matrix (ECM) [1].

In non-healing wounds, there is failure of regenerating tissue to successfully
progress through the normal stages of wound healing. While these wounds remain a
topic of intense research, we now know that non-healing wounds do not simply
represent deviations of the normal tissue repair process but rather possess irrevers-
ible alterations in the timing and mechanisms of normal healing physiology [2].
Factors known to contribute to impaired wound healing include underlying meta-
bolic abnormalities, bacterial contamination, and inadequate tissue perfusion.
Irrespective of etiology, it is hypothesized that recurrent injury and ischemia in the
wound bed results in overexpression of inflammatory cytokines such as tumor
necrosis factor alpha (TNF-a) and interleukin-1 (IL-1), as well as impairments in
growth factor action and normal cell migration. Consequently, there are reductions
in fibroblast proliferation and connective tissue deposition, and disruptions in regu-
lation of critical proteases, such as metalloproteinase (MMP), which normally func-
tion in ECM degradation and deposition [3]. Bacterial infiltration and the ensuing
inflammatory response are also an important contributor to non-healing wounds.
Surgical debridement is a critical tool for inhibiting this constant state of inflamma-
tion and promoting the proliferative phase of wound healing by removing foreign
bodies, devitalized tissue, bacteria, and senescent cells at the wound edge and by
encouraging platelet activation and the release of endogenous growth factors.

Wound Bed Preparation

The concept of wound bed preparation has emerged as a standard paradigm that
encompasses all of the critical components of wound healing, such as debridement,
bacterial balance, management of exudate, and the status of the patient. The ulti-
mate goal of this approach is the formation of high-quality granulation tissue that
will promote wound closure and either avoid or facilitate advanced healing practices
such as skin grafting. The “TIME” (tissue, infection/inflammation, moisture bal-
ance, edge of wound) sequence for achieving optimal wound bed preparation was
developed by group of international wound care experts in order to create a rational
and systematic approach for wound management that would unite expertise and
communication within the field of wound management (Table 1.1) [4].
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Table 1.1 TIME sequence of wound bed preparation

Clinical observation

Proposed
pathophysiology

Intervention

Effects on wound bed
preparation

Tissue nonviable or
deficient

Nonviable or
biologically
deficient tissue
prevents wound,
matrix
formation
impairs wound
healing

Continuous or
episodic debridement
(surgical, mechanical,
autolytic, etc.)

Removal of necrotic
or devitalized tissue
restores normal
wound physiology:

1 platelet activation,
growth factor release,
granulation tissue
formation, vascularity

Infection/inflammation

Bacterial release
of toxins,
autolytic
enzymes, and
biofilm results
in a constant
inflammatory
wound profile

Debridement, topical/
systemic antibiotics,
nutritional/metabolic
optimization of patient

Reduction in bacterial
load, and niduses and
nutrients for bacterial
overgrowth:

| inflammatory
microenvironment,
inhibitory proteases,
adherent biofilm

Moisture imbalance

Edema and
exudate results
in wound
desiccation that
can impair
epithelial cell
migration.
Excessive fluid
causes
maceration of
wound margin

Mechanical fluid
removal (e.g.,
vacuum) or
specialized dressings

Restored moisture
balance:

1 epithelial cell
migration and
reepithelialization

Edge of wound,
non-advancing or
undermined

Physical aspects
of wound that
impair matrix
formation and
maturation.
Includes
non-migrating
keratinocytes,
senescent
fibroblasts, and
other ECM
abnormalities

Debridement, surgical
reconstruction (e.g.,
skin grafts) and
adjunctive wound
therapies

Advancement of
epidermal margin:
| wound stage, depth

Debridement Classification

Multiple classification schemes have been developed in order to provide clinicians
with objective metrics in order to describe wounds and wound care and for guiding
treatment [5]. In general, a wound can be divided into three distinct zones: a zone of
necrosis, a marginal zone, and a normal zone. Wounds can also be classified by depth
of involved tissue; from superficial to deep, they can include skin, subcutaneous
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connective tissues, muscle, fascia, and bone. Wound debridement can be classified as
one of five numerical categories: a non-debrided wound (0) or an incomplete (1),
marginal (2), complete (3), or radical (4) debridement (Fig. 1.1). A non-debrided
wound has not yet evolved through the “TIME” sequence of wound bed preparation.
An incomplete wound debridement retains nonviable or necrotic tissue despite ade-
quate wound bed preparation, predisposing it to wound complications. If nonviable
tissue has been completely excised, but residual areas of tissue are compromised, it
is termed marginal debridement. These surrounding tissues may in fact be viable or
potentially viable, and thus local and systemic supportive care becomes critical in
these cases. Complete debridement entails debridement of both nonviable and poten-
tially viable tissues and usually occurs following multiple debridements. Last, a radi-
cal debridement includes excision of a surrounding margin of normal tissue. By
using these wound classification systems alone, or in combination with other sche-
mas that describe patient or injury factors — such as those developed by Cierny and
Gustilo for host factors and open fractures, respectively — wound practitioners can
more accurately describe the unique characteristics and qualities of a particular
wound within a patient [6, 7].

_— = = —
i _—

Fig. 1.1 Debridement classification system. The three zones of a wound, overlaid by debridement
classifications I (incomplete), II (marginal), IIT (complete), and IV (radical). (Stage O is a non-
debrided wound)



1 Surgical Debridement 7
Types of Debridement

A variety of alternative debridement types (Table 1.2) exist, and these can be
employed either alone, or more commonly, as adjunctive therapies to traditional
surgical debridement. These include mechanical, autolytic, enzymatic, and biologi-
cal debridement. Mechanical debridement forms the basis of techniques such as
“wet-to-dry” dressings, which employ force to remove wound debris. Hydrotherapy,
a form of mechanical debridement, has become an increasingly popular debride-
ment technique and employs fluid irrigation at varying pressures to eject debris from
a wound. Although the efficacy of this option still faces controversy, a novel ultra-
high-pressure jet system based on the Venturi effect has shown promising results in
studies [8]. Autolytic debridement involves maintaining a moist wound environment
in order to accelerate the body’s innate mechanisms of devitalized tissue proteoly-
sis. Enzymatic debridement employs exogenous or endogenous enzymes, such as
collagenase or papain, to break down necrotic tissue. Biological debridement uti-
lizes maggot larvae, which preferentially digest and eliminate dead tissue. The
quantity of necrotic tissue in the wound bed, size and depth of the wound, patient
physiological status and comorbidities, and practitioner experience, will dictate the
debridement approach. Surgical debridement should be undertaken as a conserva-
tive approach when there is an extensive area of tissue loss and large necrotic burden
or if there is exposed tendon or bone.

Surgical Debridement: Indications, Instruments, Technique,
and Complications

Indications for wound debridement include the presence of devitalized, necrotic tis-
sue in an extensive ulcer, or wound edema or erythema, fluctuance, or discharge.
Removal of an adherent eschar may also require debridement, although a stable,
healing ulcer with a dry eschar can likely be left alone. In general, patient nutritional
and metabolic status should be stabilized prior to any procedure, but in certain situ-
ations, such as sepsis or cellulitis, an urgent debridement may be required.

Styles and technique of surgical debridement vary across the world and even
within centers. Podiatrists perform the vast majority of surgical debridements, but
other practitioners include general, vascular, and plastic surgeons, family and
internal medicine physicians, as well as nurse practitioners and physician assistants
in some states [9]. Similarly, surgical debridement can occur in a variety of settings.
While most occur in the office, they are also commonly performed in outpatient set-
tings or nursing facilities when the extent of the region necessitates general anesthe-
sia, or if there is risk of hemorrhage. Local anesthesia is often satisfactory, but
general anesthesia may be necessary for complicated cases, or if adjunctive proce-
dures, such as a bone biopsy for suspected osteomyelitis, are expected. In addition
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Debridement Physiologic
type Method effects Advantages Disadvantages
Surgical Direct removal of | Converts a * Fast * May require
devitalized tissue, | chronic wound | e Comprehensive | experienced
foreign bodies, into an acute wound specialist,
and wound through assessment anesthesia, sterile
microorganisms a reduction in * Wound surgical setting
with sharp wound cultures, * Bleeding may
surgical bio-burden, biopsies, etc. occur
instruments decrease in * Preparation for
inhibitory load, surgical or
and excision of nonsurgical
senescent rim wound closure
Mechanical | Utilizes force to | Removes * Easy to e Labor intensive
remove debris necrotic tissue, perform * Nondiscriminatory
(e.g., wet-to-dry | fibrin slough,  Cost-effective | * Can be painful
dressings, and * Moisture may
vacuum-assisted | contaminants macerate
closure) surrounding tissue
Fluid Low (1-15 psi) Irrigation of ¢ Can include » Evidence is
irrigation or high (35— foreign use of controversial
70 psi) pressure material, antimicrobial * May promote
systems (pulsatile | particulate e Can wound
lavage, matter, and simultaneously contamination
hydrosurgery, contaminants irrigate and  High pressure can
FluidJet) debride damage tissue
Autolytic Occlusive or Re-establishes * Easy to * Slow, less
hydrocolloid, wound perform aggressive,
hydrogel moisture- e Capitalizes on | * Constant dressing
dressings balance by endogenous changes
utilizing healing ¢ Contraindicated in
endogenous mechanisms infected wound
enzymes and
stimulating
macrophages
Enzymatic Endogenous or Proteolytic * Works » Application may
exogenous degradation of synergistically be painful,
enzymes collagen or with frequent enzyme
(collagenase, fibrinous tissue endogenous changing
elastase, papain/ enzymes
urea)
Biologic Maggots of green | Enzymatic * Minimal pain « Patient reluctance
bottle fly (Lucilia |debridement, * Good
sericata) decreases alternative for

bacterial counts,
motion
stimulation of
wound bed

non-operable
candidate or
poorly
vascularized
tissue
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to a sterile environment, essential tools for surgical debridement may include for-
ceps, scalpels, gouge, scissors, curettes, rongeurs, burrs, rasps, saws, saline wash,
and syringes, as well as electrocoagulation devices for ensuring hemostasis and
clean wound dressings (Fig. 1.2).

Once the patient is properly positioned, and any preoperative markings are drawn
(if necessary), the wound and surrounding skin are sterilized with a povidone-iodine
solution (Video 1.1). At this point, some practitioners will apply topical methylene
blue to the wound, which stains nonviable tissue in order to facilitate a precise,
guided debridement. Once the surgical site has been prepared, debridement of devi-
talized tissue with a sharp instrument such as a scalpel or scissors can proceed
(Fig. 1.3). Starting from an area of obvious necrosis, which appears black, and
working toward healthier tissue is a reasonable strategy, and tissue appearance and
the presence of bleeding can guide the distinction between nonviable and viable tis-
sue. Fibrin tissue, which can be white, yellow, or green, should be debrided as well,
while granulation tissue has a pink appearance and should be preserved. Any accu-
mulated exudate should be drained. If the extent of necrosis is ambiguous, a second
stage of debridement may be prudent, particularly in deeper tissue layers. In these
cases, the short-term use of dilute antiseptics such as acetic acid, povidone-iodine,

Fig. 1.2 Typical instruments of surgical debridement. Includes a rongeur, forceps, scalpel, curette,
and local anesthesia (from left to right), and surgical scissors (above)
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Fig. 1.3 Wound debridement. Wound before (left) and after (right) debridement. This is a full-
thickness wound in the right leg of a 50-year-old man with Type II diabetes mellitus. Note the bone
visible at the base of the wound. The bleeding and healthier granulation tissue in the right image
indicates the presence of viable tissue and an adequate debridement

or silver dressings can be employed for wound protection. Following debridement,
clean, dry dressings should be applied for 8-24 h, after which wet-to-moist or wet-
to-dry dressings can be restarted.

There is always a possibility that surgical debridement may not result in proper
wound bed preparation or sufficiently eliminate nonviable tissue. Certain medical
conditions, particularly those in which vascular integrity is impaired, exhibit a noto-
riously poor response to surgical debridement. Additionally, surgical debridement
carries inherent risks, the most common of which is bleeding. Direct pressure, or the
application of topical hemostatic agents such as epinephrine, is usually sufficient to
control minor bleeds. For larger pulsatile bleeds however, an instrument clamp,
ligation with a suture, or electrocoagulation may be necessary. In chronic wounds,
the tissue can be quite lax, and identifying the source of bleeding during debride-
ment may be more difficult.

Infection

Infected wounds pose a difficult challenge for the wound care provider, and local
wound care must be delicately balanced with optimization of the patient’s immuno-
logic, hemodynamic, and metabolic status. Surgical debridement is considered a
prerequisite for successful treatment of bone, joint, and soft-tissue infections, regard-
less of whether this includes antibiotics, negative-pressure wound therapy, arthro-
plasty, or open wound therapy [10]. In general, a bacterial count of greater than 103
organisms per gram of tissue in a wound is considered an invasive infection and is
sufficient to impair healing [11]. The mechanisms by which infection undermines
wound healing are multifaceted and involve both bacterial production of toxins and
fibrinolytic enzymes, as well as an endogenous inflammatory, cellular, and oxidative
response [12]. It is therefore critical that practitioners utilize clinical signs in con-
junction with appropriate microbiological assays, such as quantitative or semiquan-
titative cultures, swab cultures, or needle aspiration, for early recognition of infection
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and to guide therapeutic intervention. This is particularly important in burns and
necrotizing fasciitis, both of which employ surgical debridement as a mainstay of
treatment and require early diagnosis and intervention, as well as aggressive empiri-
cal antibiotics and septic control for optimal results. Debridement is essential not
only for removal of bacteria and the devitalized tissue that provides them with nutri-
ents but also in order to eradicate wound biofilm [13]. Biofilm is composed of bacte-
rial glycocalyx secretions and functions in adherence of microorganisms to the
wound, particularly if foreign material such as implants or prostheses is present.
These carbohydrate matrices are found in 60-80% of chronic wounds, and render
microcolonies resistant to antimicrobials and other debridement techniques such as
pulse lavage. Thus, surgical debridement also plays an essential role in the treatment
of infected orthopedic prostheses and will require either a single- or two-stage
debridement depending on the chronicity of infection, virulence of the organism,
and patient factors before reimplantation is attempted.

Acute Traumatic Wounds

Etiologies of acute traumatic wounds can include avulsion, high-powered, and crush
injuries. Standard procedures for management of these injuries include prophylactic
antibiotic administration, meticulous debridement, irrigation, stabilization, and
early soft-tissue coverage. However, due to the high kinetic forces associated with
these injuries, the extent of injury often extends well beyond the gross margins of the
wound, causing extensive destruction to the surrounding bone and soft tissues.
These wounds are also prone to contamination and deep infections, particularly if a
foreign object caused the injury.

Open fractures of long bones represent a unique challenge. As a rule of thumb,
prompt surgical treatment remains the gold standard. However, the timing of surgical
debridement for open fractures remains a point of contention. Historically, infec-
tious concerns support early surgical debridement (<6 h following injury) for open
fractures, despite conflicting evidence as to whether delayed treatment (>24 h) aug-
ments the risk of infection. Of note, a formal debridement should be avoided upon
presentation of a known or suspected open fracture in the emergency room, as noso-
comial pathogens can actually facilitate infection in these cases.

In most centers, plastic and orthopedic surgeons will work in conjunction on
these cases. Upon inspection, it should be noted that soft-tissue damage will likely
expand beyond the margins of the gross wound, and surgeons should expect that
extension of the wound will be required in order to perform an adequate debride-
ment, as well as to obtain access for skeletal stabilization, excision of nonviable
deep tissue, and removal of necrotic cortical bone. Experience is key for surgeons to
accurately assess the viability of fascia, tendons, and muscle, as the decision whether
to leave or excise any of these deep structures is challenging and can have profound
effects on future form and function. Proper wound irrigation is vital for deeper
decontamination, and there are many options with regard to fluid type, volume, and
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delivery system, each possessing benefits and drawbacks. Notably, tangential high-
pressure fluidic debridement has emerged as an effective method of simultaneous
debridement and irrigation and is gaining traction for use in open fractures.

Burns

Burn injuries are complicated by sepsis, excessive blood loss, and disfigurement
from scarring. It has long been known that early debridement and skin grafting result
in enhanced patient survival, healing time, and hospital stay [14, 15]. Consequently,
debridement techniques have adapted in order to address the particular challenges of
full thickness (third degree) and deep dermal burns. In what is termed tangential
excision, the burn eschar is shaved off in thin layers with an angled debridement
knife until viable dermis is reached, thus maximizing tissue preservation and, ulti-
mately, esthetic and functional outcomes. In large burns however, sizeable amounts
of tissue require debridement, and practitioners will alternatively opt for fascial
excision, in which all tissue is removed down to the fascia. This technique, while
minimizing blood loss, can eliminate supportive structures, potentially resulting in
increased cosmetic deformity and scarring in these patients. Newer techniques for
burn debridement include dermabrasion, hydrosurgery, and CO2 lasers, which —
unlike tangential and fascial excision — can preserve the maximal amount of dermis.
However, these techniques are currently slower than traditional debridement tech-
niques and remain limited by availability.

Chronic Wounds

Chronic wounds are technically defined as wounds that have not healed after 6 weeks,
but this term can be broadly applied to most progressive or non-healing wounds.
Despite advances in wound care treatments, chronic wounds remain the leading causes
of lower extremity amputation in the USA [16]. They tend to occur in the setting of
metabolic diseases and vascular insufficiency but are also associated with nutritional
deficiencies, pharmacological agents such as steroids, and cutaneous cancers.

Diabetic, arterial, venous, and pressure ulcers constitute the majority of chronic
wounds requiring surgical debridement. The role of surgical debridement in this
setting is essentially to utilize principles of wound bed preparation in order to con-
vert a chronic wound into an acute one, thus initiating the healing process. While
acute wounds generally do not require more than one debridement, chronic non-
healing wounds require more frequent debridements, as they continue to generate a
necrotic burden, accumulate abnormal cells that impair the healing response, and
provide a nidus, nutrients, and an anaerobic environment for bacterial overgrowth.
While the management of all chronic wounds adheres to the TIME principles of
wound bed preparation, there are certain considerations to keep in mind when treat-
ing particular types of chronic wounds.
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Diabetic Ulcers

In 2004, more than half of all Medicare claims or surgical debridement were for
patients with a diagnosis of diabetes [9]. Chronic hyperglycemia and nerve damage
are fundamental pathologies involved in the formation of these ulcers, and surgical
debridement has been validated as a vital component of treatment for these wounds,
resulting in accelerated healing times and a lower recurrence rate [17]. The unique
characteristics of these wounds include a hyperkeratotic callus surrounding the rim
of the ulcer, absence of pain due to a neuropathic etiology, and development over an
area subject to heavy loads, which may require an exostectomy. A vascular assess-
ment should be performed prior to surgery to rule out arterial occlusive disease, in
addition to a thorough assessment of the wound and a patient history that includes
the course of the lesion and previous treatment attempts. Particular attention should
be paid to the presence of infection, abscess, and/or gangrene. Prevention is the key
of diabetic ulcer management, and the patient should be counseled on how to prop-
erly and regularly conduct self-assessments of their feet.

Decubitus Ulcers

Decubitus ulcers, also referred to as pressure sores, affect an estimated 1.3-3 mil-
lion people in the USA alone [18]. Decubitus ulcers occur when the skin overlying
bony prominences, particularly the sacrum or heels, are subjected to extended bouts
of pressure. They are more likely to occur in terminally ill or elderly patients, par-
ticularly when paralysis, hip fractures, or spinal cord injuries necessitate long peri-
ods of confinement to a bed or wheelchair.

Comprehensive patient assessment and proper staging of the decubitus ulcer
according to the National Pressure Ulcer Advisory Committee (NPUAC) are impor-
tant factors in guiding wound management strategies in these patients. In general,
stage III and IV decubitus ulcers, which possess full-thickness skin loss, should be
considered for surgical debridement. Decubitus ulcers should always raise concern
for underlying osteomyelitis, and radiographic and imaging studies such as radiola-
beled leukocyte scintigraphy and magnetic resonance imaging (MRI) are useful
tools for monitoring the periosteal surfaces and bone marrow for signs of infection.

Post-debridement Wound Management

The management of a wound following surgical debridement is equally important
to proper wound healing as the debridement itself, and failure to appreciate or rec-
ognize the appropriate postsurgical requirements can result in devastating conse-
quences. A clean, but unhealed, postoperative soft-tissue matrix will likely require
a combination of additional debridements — surgical or other — before ultimate
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wound closure. Wound closure techniques range from simple skin approximation to
grafts and complex tissue rearrangements such as flaps but possess the common
goal of reestablishing arterial, venous, and lymphatic flow in order to restore nutri-
ent delivery and metabolic waste elimination, as well as maximizing esthetic and
functional outcomes.

Regardless of ultimate wound closure modality, the importance of postsurgical
wound monitoring cannot be overstated. This affords the clinician additional oppor-
tunities to comprehensively survey the wound for the appearance, quality, and quan-
tity of drainage and also, if necessary, excise wound margins or remove hypertrophic
granulation tissue. Proper dressings and physiologic optimization are also key
requirements for proper wound healing. Additionally, infection control, either through
topical or systemic antibiotics, is paramount and should be monitored and treated
appropriately in order to minimize inflammation, particularly in patients who have
immune or vascular compromise. Maintaining a delicate moisture balance is cited,
but often neglected; excessive moisture causes maceration of the wound margin,
while desiccation results in impaired epithelial cell migration. Additionally, newer
therapeutic modalities such as vacuum-assisted closure (VAC) devices and supra-
atmospheric hyperbaric oxygen chambers are increasingly utilized as adjunctive
wound healing measures by optimizing local hygiene and oxygen delivery.

Conclusion

Wound management remains an essential component of holistic patient care, par-
ticularly as we face challenges such as an aging population and an increase in the
prevalence in diabetes. Even with the advent of novel debridement strategies, such
as the use of ultrasound, radiofrequency ablation, or erbium:YAG lasers, traditional
surgical debridement remains a fundamental aspect of acute and chronic wound care
treatment. Although the basis of surgical debridement — the removal of nonviable
tissue and foreign bodies — may seem relatively straightforward at first glance, varia-
tions in wound mechanism of injury and anatomical location, underlying patient
medical morbidities, timing of surgery and adjunctive debridement techniques, and
the variety of wound closure options complicate this critical component of wound
management. An experienced practitioner who is well versed in the molecular, phys-
iological, and technical aspects of surgical debridement is critical for successful
wound management.
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Chapter 2
Bacterial Control

Jessica D. Smith, Indranil Sinha, and Douglas L. Helm

Introduction

Bacterial skin and soft tissue infections (SSTIs) have become increasingly common
and, left untreated, can progress to sepsis. SSTIs are caused by microbes, which
invade the skin, subcutaneous tissue, fascia, and muscle. SSTI severity ranges from
localized to rapidly progressing and systemic infections. These bacterial infections
vary greatly in their clinical presentation and recommended interventions [1].
Accurate diagnosis and management with a comprehensive treatment plan that
takes into account the patient’s overall health, comorbidities, and severity and loca-
tion of the infection are critical to proper SSTI management. Comprehensive SSTI
treatment may require multimodal therapy, including oral and intravenous antibiot-
ics, topical agents, antibacterial dressings, and surgical debridement.

The financial burden of SSTIs is not well understood, but preliminary studies
suggest surgical intervention can result in substantial cost and vary widely. One
study suggests that direct costs of treatment ranges from $400 per patient to $30,000
per patient [2], depending on the intervention required. Following orthopedic and
cardiac surgery procedures, complicated by SSTI, the medical costs can be upwards
of an additional $40,000 per case [3]. Meanwhile, surgical intervention to address a
breast tissue-expander infection costs between $18,500 and $28,000 more per
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patient [4]. Although there are no statistics that describe the overall cost of SSTIs
and surgical intervention, it is evident that the additional financial burden is enor-
mous. As a result, the World Health Organization has established numerous recom-
mendations for preoperative, intraoperative, and postoperative measures to prevent
surgical site infections [5, 6]. If, however, an infection does occur, prompt and effec-
tive treatment is paramount. This chapter will discuss the various treatment regi-
mens and, in particular, the timing, frequency, and extent of surgical debridement
that is required to eradicate an infection as well as ancillary approaches to SSTI
treatment.

At Risk Patient Populations

Although SSTIs may affect anyone, several distinct patient populations are at an
elevated risk of developing soft tissue infections. People who suffer from diabetes
mellitus, burns, radiation, paraplegia, obesity, immune disorders, and addiction to
tobacco products have a higher risk of SSTIs.

Diabetes Mellitus

Diabetes mellitus (DM) is a risk factor for SSTIs and infection-related mortality [7,
8]. The elevated risk of infection results from impaired immune function, uncon-
trolled glucose levels, nerve and microvascular damage, and insufficient blood flow.
Though not immunocompromised, diabetic patients display altered immune func-
tion due to impaired cell-mediated immunity and humoral immunity [7, 9, 10].
Neutrophils and macrophages exhibit poor chemotaxis and impaired function in dia-
betic patients [10, 11]. In addition, hyperglycemia impairs neutrophil bactericidal
efficacy [7, 12]. Consequently, diabetic patients inadequately respond to acute bac-
terial infections. Furthermore, hyperglycemia interferes with wound healing, which
can lead to the development of chronic wounds with bacterial colonization [13].

DM also frequently causes nerve damage and, subsequently, autonomic and
peripheral neuropathy. Autonomic neuropathy can lead to abnormal sweating, dry
skin, impaired tissue perfusion, and eventually cracking and fissuring of the skin,
which creates an entryway for bacteria [14, 15]. Peripheral neuropathy decreases an
individual’s sensitivity to stimuli, as well as muscle tone, which predisposes to
altered pressure distributions and deformation of the feet [11, 16]. Altered pressure
distribution in conjunction with autonomic neuropathy may cause diabetic patients
to develop skin breakdown through which bacteria can enter [7]. Patients that suffer
from diabetic peripheral neuropathy are seven times more likely to develop a foot
ulcer than those without peripheral neuropathy [14, 17].

Diabetic patients commonly suffer from vascular compromise of both large and
small vessels, referred to as peripheral arterial disease (PAD). Secondary to local
tissue hypoxia and reduced circulation, anaerobic bacteria can thrive, while immune
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cells and antibiotic access to the infected areas are reduced [11, 18, 19]. Patients
with diabetes and concomitant PAD are not only more likely to develop an infection,
they are three times more likely to experience infection-associated mortality [7, 8].

Patients with DM have an increased risk of developing multiple types of SSTIs,
including skin infection, surgical site infections, periprosthetic joint infections, and
chronically infected pressure injuries [7, 20]. Lenz et al. demonstrated that diabetics
HBAIc, a measure of glucose control, correlates with a 9% increase in risk of sternal
wound infection [21]. Jamsen et al. found that diabetes increases a patient’s risk of
periprosthetic joint infection by 2.3 times [22], and Kunutsor et al. report that the rela-
tive risk of wound infection following total joint arthroplasty was 2.57 for patients with
DM [23]. A diabetic patient’s risk ratio for hospitalization or physician claim second-
ary to infection is 1.21 compared to a nondiabetic patient [7, 24]. SSTI treatment in this
patient population must be accordingly aggressive to prevent further sequelae.

Burn Injuries

The skin serves as a critical barrier for first line defense to pathogens. Thermal or
chemical burn injury breaks down this barrier. The skin is comprised of several lay-
ers, the outermost formed by keratinocytes covering a well-vascularized dermal
layer, which is home to a rich supply of lymphocytes, blood vessels, and glandular
tissues. When damaged by a burn injury, this defensive structure becomes a rich
media for attacking microorganisms. Utilizing the protein exudate, microbes colo-
nize the wound in the first 48 h and can rapidly lead to serious, even life-threatening,
infections [25-27]. Burn infections can be severe, and approximately 75% of deaths
in patients who suffered over 40% total body surface area (TBSA) burns were from
sepsis due to burn wound infections or infection complications [25].

In addition to damaging the human body’s physical barrier to infection, burn
injury impairs the immune system and its natural response to injury. The mecha-
nism by which burns cause immunosuppression is not fully understood, but studies
have suggested that the production of granulocytes and monocytes/macrophages
decreases following burn injury and that there are other biochemical changes that
affect the immune system by way of impacting the endocrine system, arachidonic
acid cascade, and cytokine network [25, 28]. As a result, burn patients are suscep-
tible to infection and infection-related mortality [29, 30].

Radiation

Radiation therapy, a common cancer treatment, disrupts the DNA replication pro-
cess. In doing so, radiation destroys rapidly dividing neoplastic cells but with
unwanted damage to healthy surrounding tissue as well. Long-term effects of radia-
tion include loss of tissue elasticity, scarring, fragility of blood vessels,
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Fig. 2.1 A patient with unilateral, left breast cancer presented prior to bilateral mastectomy and
implant-based reconstruction (a). She received preoperative, unilateral radiation. Following bilat-
eral mastectomy and tissue-expander placement, she developed an acute infection of her left breast
prosthesis (b). The erythema and induration are indicative of cellulitis, which is a common clinical
sign of an infectious process and likely infection of the implant. Treatment for early infections
includes antibiotics, but infections that are prolonged or in an irradiated field, as in this patient’s
case, often require removal of the implant, debridement and washout, closure, and eventually
delayed breast reconstruction

arteriosclerosis, erythema, swelling, and as a result, impaired wound healing [31].
Operative intervention in radiated sites may also increase the rates of surgical site
infections (SSIs).

Following breast reconstruction with a silicone or saline prosthesis, numerous
studies have shown that patients who receive radiation therapy have a higher risk of
developing an infection, such as cellulitis, in the irradiated field (Fig. 2.1). Patients
having undergone radiation therapy are five times more likely to develop an implant
infection than those who did not receive radiation [32]. Other studies have described
similar outcomes, and some have shown that patients who receive postoperative
radiation also have an increased risk of developing later infections (greater than
90 days postoperative), but limited research exists regarding the mechanism of
SSTIs following radiation therapy [33—38].

Risk for infection following radiation to other areas of the body has not been well
described. Sutton et al. suggest that rectal cancer patients who received radiation
therapy prior to elective rectal cancer resection had a greater risk of developing a
delayed superficial infection [39]. Concurrent chemotherapy and corticosteroid
treatment, both of which are immunosuppressive, further puts patients at greater
risk for infection [40, 41]. A depiction of SSTT in a patient following surgical resec-
tion of sarcoma within a radiated field is shown in Fig. 2.2.

Paraplegia

Paraplegia, independent of etiology, increases an individual’s risk for infection.
Paraplegics are frequently wheel chair bound and, given their immobility, are highly
susceptible to pressure injuries. Loss of sensation below the level of injury leads to
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Fig. 2.2 Although the risk of infection following radiation to areas of the body other than the
breasts is not well described, our center has experienced a greater number of infections following
surgery in an irradiated field. This patient presented with a previously irradiated muscle sarcoma
of her right anterior thigh (a). Three month status post radiation, the sarcoma was resected.
Approximately 1 month later she developed a fluid collection with surrounding erythema and indu-
ration (b). A CT scan confirmed the presence of a fluid collection (c). The patient was taken back
to the operating room, and the area was irrigated and debrided (I&D). The surrounding erythema
immediately resolved following washout (d). One month after I&D, there were no signs of infec-
tion, and the area was healing well (e)

increased pressure in recumbent areas and moisture buildup, ultimately causing
skin maceration and eventual ulceration [42]. Studies have shown that the preva-
lence of pressure injuries in spinal cord injury (SCI) patients ranges from 13% to
69% during their initial hospitalization [43, 44]. Other paraplegics are susceptible to
skin break down as well because they have limited ability to reposition themselves.
Once there is a break in the skin, microorganisms can move into, colonize, and lead
to infection in the area.

Research has examined the overall effect of paraplegia on the immune system.
Paralysis, especially from high-level SCIs, has been shown to impair the immune
system, especially early on, and further increase a paraplegic’s susceptibility to
infection. According to Cruse et al., both the natural and adaptive immune responses
are affected by SCI; natural-killer cell function and T-cell function and activation
decrease acutely in individuals who suffer SCIs [45]. Additionally, Rubin-Asher
et al. report that macrophage phagocytosis and cellular adhesion molecules are neg-
atively affected by paralysis [45—48]. Cruse et al. also describe that SCI patients
who undergo rehabilitation typically regain the majority of both natural and adaptive
immune functions, although natural-killer cell function only reaches the lower end
of the normal range; when patients stopped active rehabilitation, natural-killer cell
function decreased once again [45]. Given the initial decline in immune function, it
is important to recognize the elevated risk of infection for SCI patients in the early
months following their injury and to be cognizant that all paraplegics have an
increased risk of infection compared to their uninjured counterparts.
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Obesity

Obesity, defined as a body mass index (BMI) greater than 30 kg/m?, elevates the risk
of infection. In patients with obesity, adipose tissue has decreased vascularity and,
as a result, suffers from hypoxia. Infected wounds in the adipose tissue can, there-
fore, rapidly progress secondary to decreased exposure to neutrophils, macrophages,
and antibiotics [30, 31, 35, 49]. Obesity further causes patients to consistently be in
a pro-inflammatory state due to the constant degradation of adipose tissue and
increased production of adipokines [50], which possibly restrains T-lymphocyte
function [51-53]. Additionally, studies have indicated that obesity may indepen-
dently impair T-cell, B-cell, macrophage, and dendritic cell activity [51-54]. As a
result, obese patients are significantly more susceptible to infection. Balachandran
et al. reported an odds ratio of 2.59 for sternal infection in an obese patient popula-
tion [49]. Marmor et al. state that the infection risk for total knee arthroplasty is 6.7
times greater for severely obese patients (BMI > 35), while it is 4.2 times great for
severely obese patients undergoing total hip arthroplasty [46, 55]. Waisbren et al.
describe a fivefold increase in SSI in an obese population [56].

Tobacco

Many studies have shown that tobacco smoke is reported to delay primary wound
healing and lead to subsequent infection. Tobacco smoke contains nicotine, carbon
monoxide, and hydrogen cyanide, all of which contribute to tissue hypoxia [57].
Nicotine stimulates the sympathetic nervous system, which then releases epineph-
rine, causes vasoconstriction, and leads to tissue ischemia. Simultaneously carbon
monoxide increases tissue hypoxia by binding to hemoglobin in place of oxygen
thereby decreasing tissue oxygen availability. Hydrogen cyanide furthers this prob-
lem of tissue hypoxia by inhibiting cellular oxygen metabolism and further dimin-
ishing the effectiveness of the delivered oxygen [57, 58]. The resulting hypoxic
environment causes surgical sites and wounds to remain open for longer periods of
time and allows for microorganism colonization [59].

Research has also demonstrated the negative effects of tobacco on the immune
system though the exact mechanism is still not fully understood. Studies have sug-
gested both cell-mediated and humoral-mediated immunity are impacted by
smoking, including decreased levels of circulating immunoglobulins, CD4* lym-
phocytes, and pro-inflammatory cytokines. Additionally, smoking may increase
CDS8* lymphocyte counts and impair phagocyte activity [60, 61]. These effects may
be temporary and reversible following cessation [60, 62, 63]. To obtain optimal
healing following surgery, research has indicated that patients should quit smoking
at least 30 days before their procedure [59]. Otherwise, many studies have shown
that current smokers have an increased risk of SSIs, especially following breast
cancer surgery, cardiac surgery, and spinal surgery [35, 64—66].
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Immunocompromise

Impairment of the central immune system has several causes including neutrophil
defects, HIV, immunosuppressive medications required after a transplant, cortico-
steroid use, and chemotherapy treatment [67, 68]. A thorough discussion of various
immunocompromised states is beyond the scope of this chapter, but, collectively,
these patients are at high risk for SSTIs and must be monitored vigilantly. These
patients may not present with normal clinical manifestations of infection, and they
have a higher risk of hematogenous dissemination of infection [67]. Furthermore,
infections can progress and become life threatening more rapidly in a compromised
host. Lastly, immunocompromised patients have a greater susceptibility to infection
from unusual microorganisms, which makes diagnosis and treatment of SSTIs in
this patient population particularly difficult and yet paramount [69]. Aggressive
treatment is warranted and required for SSTIs in this patient population to limit
further morbidity and mortality.

Categories of Bacterial Infection

Given the broad range of bacterial SSTIs, the Infectious Diseases Society of America
developed a classification system for skin and soft tissue infections based on skin
extension, rate of progression, and tissue necrosis [68, 70]. Skin extension is divided
into uncomplicated infections, such as impetigo and cellulitis, and complicated
infections, which normally involve deeper tissues. Rate of progression is further
divided into acute wound infections and chronic wound infections. Acute infections
include traumas and postoperative infections, while diabetic foot infections and
pressure injuries are chronic wound infections. Lastly, the SSTIs are classified as
necrotizing and non-necrotizing infections [70]. It is important to determine which
categories an infection falls into so that the necessary and proper treatment or treat-
ments can be utilized. Further complicating bacterial infections is antibiotic resis-
tance, which is an increasing problem secondary to improper use of antibiotic
therapy.

Wound Colonization

Wound colonization refers to the presence of microorganisms without a host
response [71-75]. Given the presence of pathogens, a colonized wound may experi-
ence delayed wound healing without clinical manifestations of infection [71].
However, bacterial colonization, especially high perioperative bacterial load, is
often a precursor to infection [72].
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Acute Infections

Acute bacterial infections occur when microorganisms invade an area following a
breach in the integumentary barrier, frequently resulting from surgery or trauma
[76]. Immediately following injury, planktonic bacteria, which are single, indepen-
dent, bacterial cells, will colonize the area and adhere to host cells in low numbers
[77]. If the bacterial load increases, evades the host defenses, and begins to cause
tissue damage, an SSTI develops, and the body mounts an inflammatory reaction in
response to the bacterial toxins. On clinical examination, patients may exhibit vary-
ing symptoms, but common clinical presentations include erythema, edema,
warmth, pain, and tenderness. More severe infections may cause fever, hypotension,
tachycardia, altered mental status, and pain. Prompt diagnosis and targeted treat-
ment of an acute SSTI are important [78]. Staphylococcus aureus (S. aureus),
Alpha-hemolytic streptococci, Pseudomonas aeruginosa (P. aeruginosa), and
Escherichia coli (E. coli) are the most common pathogens responsible for acute
bacterial infections [76].

Chronic Infections

Chronic infections are characterized by prolonged inflammatory responses, which
damage tissues and prevent collagen synthesis and epithelialization [79, 80].
Chronic infections tend to progress more slowly than acute infections but also tend
to have higher rates of morbidity and mortality [77, 80]. Rather than solely being
caused by planktonic bacteria, these infections are frequently caused by a combina-
tion of planktonic bacteria and biofilms, which are polymicrobial colonies of bacte-
ria encased in an extracellular polymeric matrix. The protective biofilm matrix
provides the microorganisms with enhanced protection from the surrounding envi-
ronment [81], as well as the ability to adhere to both inert and living surfaces [80].
As aresult, biofilms are difficult to eradicate and often do not respond to antibiotic
treatment. Additionally, biofilms are frequently found in chronic wounds, such as
diabetic foot ulcers and pressure injuries, as well as on the surface of foreign bodies,
such as prosthetic implants [77]. Similar to acute infections, Staphylococcus aureus
and Pseudomonas aeruginosa are two of the most common bacteria present in bio-
films, though their mechanisms of infection and chronicity differ [81].

Common SSTIs and Their Treatment

SSTIs have become an increasingly common reason for ambulatory visits, emer-
gency care, and hospitalization. Further complicating this clinical problem is the
increased prevalence of drug-resistant infections, which lead to a dramatic increase
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in the cost of caring for SSTIs [70]. For example, treatment of Staphylococcus
aureus SSTIs in 2008 alone cost $4.84 billion, which was a 44% increase in cost
from 2001 [82]. Although the general treatment of SSTIs are the same, certain types
of SSTIs require special considerations for treatment including diabetic foot infec-
tions, sternal wound infections, lower extremity periprosthetic joint infections,
infected burns, previously irradiated implant-based breast reconstruction infections,
and infected pressure injuries.

Diabetic Foot Infections

Diabetic foot infections (DFIs) are a common consequence of diabetic foot ulcers
(DFUs), which are full-thickness wounds in diabetics distal to the ankle [14, 83]. A
diabetic patient has approximately a 25% lifetime risk of developing a DFU [14,
84]. Once the skin has ulcerated, bacteria and other pathogens can easily enter into
and colonize the area. Staphylococcus, especially S. aureus, and streptococci are the
most common causes of bacterial infections, though DFIs are frequently caused by
a combination of microbes [14]. DFUs and DFlIs are difficult to heal due to the
patient’s altered immune function, insufficient circulation, and neural damage. In
patients that also suffer from PAD, the risk of developing a DFI is even higher
because PAD prevents wound healing by further limiting the blood supply to the
area. With a diminished blood supply, a DFU does not receive sufficient oxygen or
nutrition, thus causing DFUs to become chronic and easily infected by both plank-
tonic bacteria and biofilms [14].

DFIs must be treated promptly and effectively otherwise they can rapidly develop
into a limb-threatening condition, requiring amputation, or even death [14, 85].
DFIs are the leading cause of non-traumatic lower extremity amputations with
about 66,000 DFI-related amputations in the United States annually. Overall, DFIs
are associated with a public health cost of approximately $174 billion each year in
the United States [86, 87].

Treatment of DFIs often requires surgical intervention because they do not usu-
ally respond well to antibiotic therapy alone. This is largely due to the insufficient
circulation that diabetics, and especially those with PAD, suffer from [24]. As a
result, sharp debridement is usually required. In order to ensure adequate
debridement, all nonviable tissue should be excised systematically, working from
the outer edges in, and until healthy, bleeding tissue is attained [88]. All infected
tissue, bone, bursa, and cicatrix must be removed; if any infection remains, the ulcer
will persist and require further debridement [19].

Additionally, studies have recommended placing the patient on antibiotics for at
least 2 weeks after surgery; although the antibiotics will not directly target the DFI,
they are meant to sterilize the surrounding soft tissues [19]. Following debridement,
the wound should be dressed with a sterile, nonadhesive dressing that maintains a
moist environment around the wound and absorbs exudates. To improve healing the
wound should be off-loaded with a custom splint or orthotic [14]. In cases where



26 J.D. Smith et al.

tissue hypoxia and chronic ischemia are present, hyperbaric oxygen therapy (HBOT)
is an additional treatment that should be considered [19].

HBOT has been shown to increase healing rates of DFUs, but studies are still
being conducted on the use of HBOT as an adjuvant therapy and on its use alone
versus in conjunction with surgical debridement [14, 89]. Lastly, researchers are
investigating alternative methods of treatment, especially those that target biofilms,
including the use of calcium sulfate beads with local application of antibiotics [90],
silver dressings, honey-impregnated dressings [14], dispersal enzymes [91], trypto-
phan dressings [92], and the use of copper-containing nanofibers [93].

Burn Infections

Patients suffering from burn injuries are at an elevated risk of infection following
loss of the skin barrier [29]. Given the risk of infection that burn patients suffer
from, it is of utmost importance to control infections as rapidly as possible. Early
excision of burned tissue and closure is recommended and has been shown to
decrease infection-related morbidity and mortality [29, 94].

Burn wound cellulitis is an infection that spreads into surrounding healthy tissue
and causes pain, erythema, and edema around the burn (Fig. 2.3a—d) [29]. S. aureus
is the most common pathogen responsible for burn wound cellulitis, though P. aeru-
ginosa is another common cause [29, 95].

Fig. 2.3 A patient with a right, anterior leg burn was transferred from an outside hospital and
presented with fevers, chills, and mild erythema around the edges of the burn (a). Given the clinical
signs of infection, she was taken to the operating room for debridement and washout. She was
found to have cellulitis and an infected hematoma, which required a more extensive debridement,
placement of a VAC dressing, and a subsequent debridement and washout 3 days later (b). After
the second debridement, multiple skin grafts were placed (c¢) and a VAC dressing was used as a
bolster. Due to adequate debridement and bacterial control, the skin grafts were well healed
1 month later (d)
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Invasive burn infections arise from unexcised burn eschars and rapidly convert
partial-thickness burns into full-thickness injuries. P. aeruginosa is often the cause
of invasive burn infection, but any bacterium can be present in and responsible for
these infections. Timely surgical excision of all affected tissue followed by admin-
istration of broad-spectrum antibiotics is required to treat invasive burn infections
[29]. After surgery, a topical antimicrobial agent, usually silver sulfadiazine or
mafenide acetate cream, should be applied to further reduce the wound’s microbial
load [29, 96].

Impetigo encompasses infections that cause loss of epithelium from a previously
epithelialized surface. Impetigo is commonly caused by gram-positive skin flora,
specifically staphylococci. To efficaciously treat impetigo, all abscesses must be
opened, the area should be cleansed twice a day with a surgical detergent disinfectant,
and a topical antimicrobial, such as mupirocin, should be applied twice a day [29].

As an adjunct for small, infected areas, certain dressings that are easily applica-
ble, are absorbent, have broad-spectrum antibiotic properties, and do not cause
adverse reactions may be used to treat topical infections [97, 98]. Silver dressings,
specifically silver-containing soft-silicone foam dressings, are an ideal choice
because wound secretions ionize the silver into an active form that can bind to cell
membranes and proteins. The activated silver impairs the function of respiratory
enzymes of bacteria and binds to bacterial DNA bases, which prevents bacterial
replication [97].

Breast Prosthesis Infection

Prosthetic breast reconstruction is the most common form of postmastectomy
reconstruction [99]. The insertion of prosthetic material into a field with incumbent
and required cancer treatment, including chemotherapy and potential radiation,
increases the potential for SSTIs. The risk is further elevated with an increasing
numbers of comorbidities, such as radiation, obesity, and/or diabetes [99-101].
Breast implant infections vary in severity and can be classified as mild or superfi-
cial, requiring solely treatment by oral antibiotics, chronic due to the presence of a
biofilm on the implant, or severe and life threatening requiring immediate surgical
intervention [99].

Patients who present with normal signs of infection, such as erythema, indura-
tion, and increased localized pain, should be placed on a broad-spectrum antimicro-
bial regimen covering the common pathogens responsible for prosthesis infection at
your hospital, as well as those that can form biofilms [4]. For example, rifampin and
tetracycline, daptomycin, or minocycline are antimicrobial regimens designed to
target methicillin-resistant staphylococci [4, 102]. Wound cultures should be taken
and microbiologically analyzed for bacterial speciation and antibiotic sensitivities
and resistance [102]. Pseudomonas infections and gross infections of the peripros-
thetic fluid do not respond to antimicrobial treatment alone and require operative
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washout and removal of prosthesis [4, 103]. Staphylococci may also form biofilm
on prosthetics and must be similarly treated with operative washout and removal of
the prosthetic device [4, 103, 104]. The initial stage of a periprosthetic infection is
depicted in Fig. 2.1.

Surgical intervention is also indicated if the infection persists longer than
14 days regardless of antimicrobial treatment or if prosthesis becomes exposed
[4]. In these cases, the prosthesis should be explanted, and the capsule with the
surrounding infected tissue should be thoroughly debrided and irrigated. If there
are no overwhelming signs of infection and there is enough tissue to cover a pros-
thesis, the surgeon may consider placing a new prosthesis at that time, otherwise
the site should be closed primarily and allowed to heal [105]. After the area has
healed sufficiently, patients can elect to undergo subsequent reconstructive
procedures.

Infections of Pressure Injuries

Pressure injuries are localized areas of tissue necrosis that develop when soft tissue
is compressed between a bony prominence and an external surface for an extended
length of time. These commonly arise in paraplegics and quadriplegics, as these
individuals have decreased mobility and sensation. Common locations for pressure
injuries include the ischium, sacrum, and greater trochanter, although pressure inju-
ries can develop anywhere [69]. Pressure injuries are a common site of SSTIs
(Fig. 2.4a, b). Given the severity of the ulcer, infection may cause cellulitis, abscess
formation, osteomyelitis, infection of the joint or bursa, and sepsis [43, 106]. Prompt
and effective treatment is critical. Pressure injury infections are usually polymicro-
bial and include gram-positive and gram-negative facultative aerobes, as well as
anaerobic organisms. Broad-spectrum antibiotics must be used to treat these infec-
tions in conjunction with excisional debridement of the necrotic tissue and bone as
needed (Fig. 2.4c) [43, 69, 106].

The goal of surgery is to excise the unhealthy tissue to reduce the bacterial load
on healthy tissue (Fig. 2.4d). Video 2.1 demonstrates debridement of a pressure
injury, which is outlined in methylene blue to ensure complete resection of infected
tissue (Video 2.1). Following debridement, the wound may need to be left open to
ensure that all of the infection has been eradicated and that the wound bed is healthy.
Temporary use of negative-pressure wound therapy may be useful in these cases, as
it has been shown to remove fluid, regulate inflammation, stimulate the wound-
healing pathways, and prevent the formation of biofilms (Fig. 2.4e) [107]. When
there are no longer local signs of infection or drainage, and the area is well vascular-
ized, the wound can be closed. If the defect is large enough and/or the ulcer includes
the muscle, bone, bursa, or joint, a myocutaneous flap may be needed to restore soft
tissue coverage to the area. Following the flap procedure, directed antibiotic therapy
should be continued to prevent infection [43].
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Fig. 2.4 An elderly paraplegic with a history of pressure injuries presented with fever, chills, and
localized pain in his right buttock. Based on clinical presentation, he was diagnosed with a right
buttock pressure injury and possible infection (a). An MRI confirmed the presence of a fluid col-
lection deep to the ulcer (b). It was determined that treatment of the infected ulcer would require
surgical debridement. Methylene blue was used to mark the ulcer so as to ensure that all affected
tissue was excised (¢). The ulcer was resected in its entirety as shown by the resected specimen (d).
Given the patient’s history of infection, the area was left open, and a VAC sponge dressing was
placed (e)

Sternal Wound Infections

Sternal wound infections (SWIs), a complication in patients who undergo cardiac
surgery, are more common in diabetic and obese patients [21]. The reported overall
risk of developing a SW1is 0.5-3%, while the in-hospital mortality rate for SWIs is
8-28% [108-110]. Patients suffering from a deep SWI may present with increased
chest pain, sternal instability, fever, and/or purulent discharge from the mediasti-
num. Blood, fluid, or tissue cultures should be obtained to confirm the diagnosis of
deep SWIs. As soon as a deep SWI is diagnosed, early surgical debridement is para-
mount as antibiotic treatment alone cannot cure a deep SWI [111]. Debridement
should occur urgently following SWI diagnosis. Delayed treatment is associated
with increased hospital readmissions and stay [112].

As with other SSTIs, operative debridement should remove all infected and
necrotic tissue from the sternum. If purulence tracks through from the retrosternal
area, closed suction drains should be placed before closure is performed [108].
A pectoralis, omental, or rectus abdominis flap may be necessary to close the result-
ing defect and obliterate space where microbes can colonize and lead to further infec-
tion [112]. Following debridement, patients should receive antibiotics specific to the
culture results. Infectious disease specialists may be useful in determining the proper
antimicrobial regimen and necessary length of antimicrobial treatment [108].
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Periprosthetic Joint Infection

Periprosthetic joint infections (PJIs) are a devastating complication following total
joint arthroplasty. Unlike most local infections, PJIs do not usually respond to antibi-
otics alone and frequently require surgical intervention, possibly due to the presence
of biofilms that form on the metal surfaces of the implant. Effectively treating the PJI
requires eliminating the biofilm and any other surrounding organisms [113, 114].

Several surgical approaches have been described for PJIs including debridement
with retention of the joint prosthesis, debridement with removal of the implant,
debridement with replacement of the joint prosthesis, and debridement with removal
of the implant followed by replacement of the prosthesis at a later date (two-stage
replacement) [115]. Current literature suggests that patients who suffer from a
chronic PJI, which normally present months after the original operation and cause
persistent symptoms of infection, should receive a two-stage surgical treatment
[115-117]. First, the infected implant should be completely removed and replaced
with a temporary antimicrobial spacer. The patient should then be placed on a
6-week course of antibiotics. Following completion of the antibiotic course, the
patient can undergo the subsequent surgery, in which a new joint prosthesis is
placed [115].

There is less of a consensus regarding the appropriate treatment of acute PJIs,
although the Infectious Diseases Society of America recommends debridement and
prosthesis retention if infection occurs within 30 days of total joint arthroplasty or
if treatment occurs within 3 weeks of onset of signs of infections [118, 119]. Some
studies suggest that biofilm-active antibiotic treatment in conjunction with irri-
gation and radical debridement with retention of the joint prosthesis is sufficient
to treat early PJIs [113, 116, 120, 121]; however, these studies clarify that this
approach should not be used in elderly patients, immunocompromised patients,
patients with Staphylococcal SSTIs, or those that have significant medical comor-
bidities [113, 116, 118]. Other studies suggest that irrigation and debridement with
component retention do not have a high success rate and should be used cautiously
[122-125].

Given the variety of treatment options, PJIs require an individualized treatment
plan that is based on the clinical presentation of infection and organisms involved.
Early detection and understanding of the complexity of these infections due to the
presence of biofilms are important and will lead to improved overall prosthesis sur-
vival and patient outcomes.

Conclusion

Skin and soft tissue infections continue to be an enormous problem for patients
everywhere. Certain patient populations are at an increased risk for SSTIs, and care-
givers need to be aware of these high-risk patient populations to ensure that they
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receive prompt and effective treatment at the first signs of infection. Fastidious
monitoring of these patients while they undergo treatment is also necessary as they
can rapidly decline and have an increased risk of mortality due to SSTIs. A compre-
hensive plan to treat SSTIs begins with an accurate diagnosis of the type of SSTI as
well as an understanding of the associated comorbidities. The plan of care for the
SSTI should include antibiotic therapy and judicious use of adjuvant therapy includ-
ing surgical debridement to remove the bio-burden of infection. Although all SSTIs
are different, the principles of treatment can be applied to all skin and soft tissue
infections to improve global health.
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Chapter 3
Amputations of the Lower Extremity

Joseph Park, Tammer Elmarsafi, and John S. Steinberg

Introduction

According to Banks the term amputation was first used in English medical litera-
ture in 1597 by Peter Lowe in his treatise A Discourse in the Whole Art of
Chirurgerie. Lower extremity amputations are commonly performed procedures
[1]. Moxey et al. report that most common indications for amputation of the lower
extremity are trauma, infection, and ischemia [2]. Less common reasons for
amputation include thermal injury, malignancy, congenital deformity, and, in rare
instances, intractable pain.

Despite being one of the oldest surgical procedures, surgeons continue to develop
and refine their surgical techniques. Additionally, many innovations related to endo-
vascular interventions and wound healing therapies have improved patient outcomes
before and after amputations. Other improvements relate to patient quality of life.
Novel techniques such as nerve coaptation as described by Economides et al. have
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the potential to reduce postoperative phantom pain in those who require below-knee
amputations [3]. Perhaps the greatest recent advancement, however, has been the
emphasis on the multidisciplinary approach to lower extremity amputations. The
collaborate efforts of podiatric surgery, vascular surgery, plastic surgery, orthopedic
surgery, infectious disease, psychiatry, and orthotists/prosthetics have transformed
the paradigm of amputation from admission of defeat to the commencement of
rehabilitation.

Attinger and Brown state that the guiding principle in any lower extremity ampu-
tation is to improve the patient’s functional status and quality of life [4]. Clinicians
must not sacrifice biomechanical stability in exchange for maximizing length, and
it is of utmost importance that the surgeon properly conveys this message to the
patient. The surgeon must consider the following factors when performing an ampu-
tation: level of amputation, resultant biomechanical function, perioperative man-
agement, and rehabilitation including proper orthoses and prostheses.

Indications for Amputation

The ultimate purpose of any amputation is to excise tissues which impart greater
patient harm if not removed. In most cases the underlying etiology can be broken
down into two main primary pathologies: ischemia and infection. As noted by
Weledji and Fokam, in the limb which presents with pure ischemia, vascular opti-
mization and prevention of superimposed infection may result in favorable out-
comes [5]. The degree of tissue loss, however, is highly dependent on the time of
discovery and time to vascular intervention to the success of management. The ana-
tomic distribution (proximal disease versus distal disease) and degree of the vascu-
lar insult (severity of stenosis or occlusion) are all important parameters which can
influence the level of amputation. Amputations can range from partial digital ampu-
tation to hip disarticulation. Nather and Wong describe that the ankle joint tradition-
ally delineates a minor from major amputation [6].

Patients who have any open skin lesions are predisposed to lower extremity
infection, particularly in the immunocompromised and diabetic patient population.
Infections can be either acute or chronic and include soft tissue and bone infections.
As shown by Altemeier and Fullen, fulminant infections such as necrotizing infec-
tions, gas gangrene, and infections that cause hemodynamic instability all require
emergent debridement [7]. In such cases, the postoperative soft tissue deficit and the
predicted functional outcome often dictate the level of final amputation. In her
review, Price demonstrated that chronic infections have a dramatic impact on patient
quality of life, increase the risk of osteomyelitis, and have major implications on
amputation risk [8].

Deformity alone is not typically a primary indication for amputation. However,
in patients with failed osseous reconstructions or those who are high risk for com-
plex surgical correction of lower extremity deformities, such as those seen in
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Charcot neuroarthropathy, amputation should be considered if functional status and
quality of life can be improved. Acquired skeletal deformities predispose the neuro-
pathic patient to ulcer development and increased fall risk. Raspovic et al. demon-
strated that when ulcers develop secondary to biomechanical causes, healing the
ulcer without addressing the underlying osseous structure will inevitably lead to
re-ulceration, increased amputation risk, and a decrease in quality of life [9].

Most patients have a combination of the aforementioned cardinal pathologies.
They present with a biomechanically induced ulcer, have peripheral neuropathy,
have some degree of ischemia, and are typically infected. Beaulieu et al. reported
that these patients often have multiple conditions and comorbidities which increase
the risks for amputation [10] and challenge limb salvage efforts. Furthermore,
Hobizal and Wukich illustrated that host factors such as the patient’s overall comor-
bidities, nutritional status, glycemic control, adherence to medical regimens, and
socioeconomic status clearly have an impact on patient outcomes [11], but they can
be difficult to quantify. Without question, the complicated host presents clinical and
socioeconomic complexity to the discussion of lower extremity amputations.

Amputations must be understood as a part of a process within a continuum in
a patient’s disease state. Each patient has a subset of known medical conditions
each of which may or may not be well controlled, have associated risks, and each
have a particular pattern of progression. Though each patient presents with unique
and distinct challenges, the overall sequence of events can be somewhat predict-
able if risks are properly elucidated, stratified, and mitigated in a timely and con-
tinuous fashion.

Yazdanpanah et al. demonstrated how optimization of disease-modifiable factors
such as glycemic control, blood pressure, and vascular insufficiency may allow
patients to have more favorable long-term health outcomes [12]. However, once
ulceration, deformity, neuropathy, or infection occurs, the risk for amputation
remains undeniably high. Every effort must be taken to slow the rate of progression
and prevent the onset of disease-related complications. Fernandez et al. report how
healthcare disparities, food insecurity, and cultural, ethnic, and language barriers all
carry socioeconomic implications which impact the overall quality of care in the
at-risk population [13]. Ultimately, amputations are cumulatively based on patient-
specific risks and may be unavoidable.

The surgical indications for amputations must not be made in isolation of the
patient’s ambulatory status and must include a realistic assessment of the patient
underlying cardiopulmonary capacity to walk after amputation. The level of
amputation must be carefully taken into account during surgical planning and
must be inclusive of the patient’s wishes and expectations. Regardless of the level
of amputation, disease progression, advancing age, and worsening vascular integ-
rity almost guarantee additional surgery, revisions, and more proximal amputa-
tions. Furthermore, Glaser et al. elucidated how the contralateral extremity
becomes a high-risk limb due to the increased load subsequent to an amputation
and peripheral arterial disease [14]. Bilateral foot pathologies leading to amputa-
tions are common.
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Risk Factors for Amputations

Diabetic Foot Ulcer (Figure 3.1)

According to Boulton, up to 50% of patients with diabetes as part of the disease
natural history develop symmetrical peripheral polyneuropathy [15]. Singh et al.
documented that the lifetime incidence of a patient with diabetes developing a foot
ulcer is up to 25% [16]. The loss of protective sensation disarms the patient’s ability
to identify pain from traumatic injury, ischemic necrosis, or infection and can delay
the recognition of the active pathologic process. The lag in time from clinical onset
to the time the patient seeks medical attention can lead to an initial presentation
which requires urgent or emergent medical and surgical management. When wounds
fester, particularly in the presence of uncontrolled diabetes, the lower extremity
becomes at risk for increased tissue loss and the patient at increased risk for sys-
temic complications including sepsis and shock. Soft tissue infections can result in
a non-salvageable limb if they are not promptly and effectively managed. In certain
cases, complex soft tissue reconstruction techniques such as free tissue transfer may
be an option for those who are surgical candidates after the underlying infection
and/or ischemia have been fully addressed.

Acute ulcers can result from a direct trauma such as stepping on a sharp object,
aretained foreign body, open fractures, or any condition which results in skin break-
down. Sheer forces can also exert trauma to the foot resulting in open wounds such
as those that occur from ill-fitting shoe gear worn for extended periods of time in
feet with underlying skeletal deformities such as hammertoes. These acute trau-
matic wounds can be preceded with early warning signs such as erythema or blister-
ing or may present with frank ulceration. Once the acute trauma occurs, the

N

Fig. 3.1 Diabetic foot ulcer
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immune-competent patient will launch the normal cascade of events of acute inflam-
matory and tissue healing. However, Muller et al. described immunocompromised
patients such as diabetics have a blunted and faulty cascade resulting in an unchecked
rapid bacterial diabetic infection [17].

Many patients develop superficial chronic ulcerations typically to the plantar,
medial, and lateral foot and to the distal and dorsal toes. Caselli et al. reported that
these ulcers often are a result of biomechanically induced areas of high pressure and
sheer forces which are typically preceded by hyperkeratotic lesions [18]. Irrespective
of location, chronic ulcers increase risk for cellulitis, deep tissue abscess, sepsis,
osteomyelitis, and ultimately amputation. Frequently, chronic ulcers require multi-
ple and frequent interventions including outpatient and inpatient management and
require an excessively high utilization of medical resources and cost. Apelqvist
et al. state that the total cost is $16,100 for primary healed patients without critical
ischemia, $26,700 for primary healed patients with critical ischemia, $43,100 for a
healed minor amputation, and $63,100 after a healed major amputation [19].
Diabetic foot ulcerations are associated with frequent hospital readmissions and a
high morbidity and mortality rates. A complete patient-centered treatment plan via
a multidisciplinary team can help decrease these burdens. These chronic wounds are
often classified as non-healing or are recalcitrant to standard wound care modalities,
particularly if the underlying biomechanics are not addressed. Chronicity and ulcer
recurrence in the foot predispose to osteomyelitis, a strong independent risk factor
for amputation. It should be noted that long-standing ulcers which may be primarily
addressed with an amputation may be an appropriate management consideration.

Neuropathy

Polyneuropathy can be caused by a wide variety of processes. Although understand-
ing the etiology is important, once neuropathy occurs, it is often irreversible. The
degree of clinical symptoms and the rate of progression can vary from patient to
patient and is largely dependent on the underlying cause. Mold et al. discuss that the
most common causes of peripheral polyneuropathy are diabetes, chronic alcohol
abuse, and HIV medications [20]. The side effects of certain medications include
neuropathy, and in some cases once discontinued, normal sensation is restored.
Other medications exhibit a dose- or duration-dependent causation.

In the diabetic population, the onset is insidious and begins with loss of tempera-
ture and vibratory sensation and further develops into loss of light touch and eventu-
ally a dense neuropathy. Partanen et al. described the slow progression and reported
that it often takes about 10 years from the time diabetes is identified [21]. Patients
with such sensory loss do not respond appropriately to noxious stimuli such as those
that result in injury to the skin. Frequently, they only become aware of the injury if
they are cued by other senses such as seeing blood or drainage on socks or becom-
ing aware of malodor. Often, however, as a result of diabetic retinopathy, and same
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neuropathic changes that occur peripherally, the sense of smell can also be
diminished; thus, the only cues of these patients are others which tend to their care.
Diabetes-induced peripheral neuropathy is a spectrum of disease, with some patients
exhibiting diminished sensation, while others becoming profoundly numb. Still oth-
ers develop an array of neural disturbances which manifest as paresthesias most
often described by the patient as a burning, tingling, or pin and needle sensation.
Painful diabetic peripheral neuropathy can be problematic for patients. Marchettini
et al. note that these symptoms are often difficult to treat and the medications avail-
able do not come without side effects [22]. It is, however, important to note that
patients with this type of neuropathic condition often attribute pain secondary to a
real and dangerous pathologic process, to the expected waxing and waning episodes
of painful diabetic neuropathy.

Neuropathy is and must be understood as a principal independent risk factor for
diabetic foot ulceration. The downstream consequences of ulcer formation in a
patient with diabetes with sensory loss are cyclical and often result in amputations.
Lavery et al. discovered that patients with neuropathy have a 1.7 times greater risk
of ulceration than patients without neuropathy [23]. Both type I and type II diabetic
patients develop loss of protective sensations with differing rates of progression.
Additionally, both classifications of diabetes are prone to symptomatic painful
neuropathy.

Aside from sensory loss, there are other forms of neuropathy that occur simulta-
neously which may have an impact on amputation risk. Autonomic neuropathy is
multisystem conglomerate of symptoms that include cardiovascular, gastrointesti-
nal, genitourinary, endocrine, and sudomotor dysfunction. Duby et al. state that the
symptoms most commonly manifest as resting tachycardia, orthostatic hypotension,
gastroparesis, constipation, diarrhea, fecal incontinence, erectile dysfunction, neu-
rogenic bladder, hypoglycemia unawareness, and changes in skin quality with either
increased or decreased sweating [24]. All autonomic neuropathies must be viewed
as important surrogate markers for overall health outcomes and amputation risk
stratification. Patients with cardiovascular autonomic neuropathy have a signifi-
cantly higher risk for fall-related injuries, including those of the lower extremity.
Patients with gastroparesis have decreased absorption of important vitamins such as
vitamin B12 which accelerates progression and exacerbates peripheral sensory loss.
In addition, those on oral medications may have suboptimal pharmacodynamics and
thus decreased therapeutics effects resulting in increased risk profiles for this cohort
of patients. Semel and Goldin discuss how increased sweating of the feet amplifies
risk for interdigital maceration, increases risk for bacterial and fungal colonization,
and leads to a greater propensity for skin breakdown [25]. Autonomic dysfunction
resulting in dry skin of the feet is equally problematic. Dry skin decreases skin tur-
gor and pliability, becomes prone to micro-abrasions and overt fissures, and in the
partially sensate patient increases itching which can lead to secondary lesions such
as excoriations. These micro-abrasions become portals of entry which can lead to
skin and soft tissue infection. All forms of neuropathy have important implications
on amputation risk.
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Fig. 3.2 Ischemia

Ischemia (Figure 3.2)

Peripheral vascular disease can occur as a consequence of multiple host factors.
Shammas found that the most important independent risk factors for peripheral arte-
rial disease include advanced age, diabetes, smoking, hypertension, and dyslipid-
emia [26]. A strong family history of vascular disease is important to ask about in
all patients with diabetes. Patients with a history coronary artery disease and/or
cerebrovascular accidents are also at high risk for peripheral arterial disease. These
indicate that the patient has some predisposition toward macrovascular compromise
which should prompt early screening for peripheral arterial disease. Claudication is
an important symptom which, when present, easily identifies patients with clinically
significant vasculopathy. Patients with diabetes are susceptible to both macrovascu-
lar and microvascular compromise.

Microvascular insufficiency has a major influence on lower extremity ulcer mor-
bidity and amputation risk. Patients with diabetes with retinopathy, nephropathy,
and/or neuropathy are likely to also have impaired tissue perfusion in lower extrem-
ity which predispose to ulcer non-healing and suboptimal results after revascular-
ization. Fowler states that although macrovascular disease can be corrected, there
are currently no direct treatments for microvascular disease of the lower extremity
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[27]. The distribution of microvascular disease is similar to that of peripheral neu-
ropathy. The most distal tissue of the foot is most affected and improves proximally.
The level and quality of microvascular disease however are often elusive and diffi-
cult to objectively quantify.

Both medical and surgical interventions play an important role in improving
long-term outcomes in ischemic patients. The patient history, vascular examination,
and clinical impression each provide valuable information that can direct manage-
ment of peripheral arterial disease. The presence of any type of ulcer or ischemic
necrosis (dry gangrene) should prompt early endovascular angiography. A clinical
algorithm is outlined in Fig. 3.3. Although CT and MR angiograms are alternative
methods to assess the macrovascular anatomy, endovascular angiograms offer the
advantage of intervention. Vascular reconstruction should be reserved for those
patients in whom the benefits outweigh the risks. Taylor et al. argued that primary
amputations should be considered in the non-salvageable limb and for those in
whom medical risk contraindicates revascularization [28].

Skin and Soft Tissue Infection (Figure 3.4)

Ulcerations of the lower extremity remain the most important risk factor in patients
with diabetes for foot and major lower extremity amputations. Chronic ulcers pre-
dispose to cellulitis and deep tissue abscess and can lead to acute infection and
potential sepsis. All infections in patients with diabetes must be treated promptly
and must not be underestimated. Rapid bacterial growth, spread within the fascial
and tendinous planes of the foot, and close proximity to the joints and bones make
the diabetic foot especially at risk for irreparable damage [7]. Because of the inher-
ent immune-compromised state, patients may become bacteremic, develop systemic
inflammatory response syndrome, or become frankly septic. Often systemic mani-
festations of infection such as fevers, leukocytosis, tachycardia, and hypotension
are late presentations. In many patients, only mild constitutional symptoms such as
lethargy and loss of appetite guide clinical suspicion of a severe systemic infection.
An unusual spike from the patient’s baseline plasma glucose levels is a clinical clue
to an ensuing infection.

Bacterial infections of the diabetic foot can be isolated to the skin only and present
as cellulitis. However, in most cases, deep tissues are also infected, and a delay in treat-
ment can cause tissue death. The mainstay of treatment is to establish extent of involve-
ment, decompression, and debridement of all infected and devitalized tissue and to
provide empiric intravenous antibiotics until they can be tailored to intraoperative deep
tissue cultures [7]. The initial surgical intervention must be aggressive enough to stabi-
lize the medically compromised patient. Attinger et al. believe that multiple serial
debridements should be undertaken before primary closure or soft tissue coverage is
attempted [29]. The postsurgical soft tissue deficits left as a consequence of infection
are a major factor in the determination of the final level of amputation.
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Y
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Physical Therapy
Orthoses and Prostheses
Interval Follow-up

Fig. 3.3 Treatment algorithm for the ischemic and/or infected lower extremity

All patients with a foot infection must receive plain radiographs. X-ray imaging
is widely available and is a simple screening test to rule out soft tissue emphysema
and overt osteomyelitis. Both the extent and level of gas on radiographs so long as
the radiographs are taken to the next proximal major joint can give an indication for
inclusion of amputation within the treatment differential.
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Fig. 3.4 Skin and soft tissue infection

Osteomyelitis

When infection of the bone is present, resection offers a definitive cure; however,
this often results in some type of amputation. The soft tissue envelope of the foot
and distal lower extremity are within millimeters of the skeletal structure. Diabetic
foot infections whether acute or chronic expose the tissues to bacteria which may
seed the underlying bone. According to Lam et al. [30], exposed bone and the bone
that can be probed should be considered positive for osteomyelitis until proven oth-
erwise. In those scenarios, clinical suspicion may be more important than diagnostic
testing. Delay in treatment in the diabetic population consistently results in unfavor-
able outcomes. Early resection of grossly infected bone can prevent more proximal
resection. Resection of an infected osseous structure essentially means an amputa-
tion of a portion of the infected foot. Lazaro-Martinez et al. have shown that the
alternative to surgical resection is to give patients long courses of multiple intrave-
nous antibiotics, usually for a minimum of 6 weeks, but that it may only be success-
ful in patients without ischemia or necrotizing soft tissue infections [31]. Because
the microvascular system is only marginally improved with macrovascular revascu-
larization, delivery of effective plasma-level antibiotics with sufficient bone pene-
tration is too uncertain to objectively define for each patient. Thus, the only definitive
and objective standard is surgical removal with culture-endorsed clean margins.
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Progression and severity of microvascular disease can be predicted by the presence
of retinopathy and/or nephropathy in those with diabetes.

It must be noted that the surgical treatment of osteomyelitis must incorporate the
anatomic location and the biomechanical effect of surgical resection. In some cases,
only partial bone resection may be adequate, while in other cases, an entire bone or
multiple bones may require removal. Faglia et al. have shown that calcaneal osteo-
myelitis has poorer outcomes and higher rates of transtibial amputations compared
to forefoot or midfoot osteomyelitis [32]. Thus, the location of the bone can have an
important effect on postsurgical patient outcomes. In patients with adequate circula-
tion, and a low degree of bony involvement, a case-by-case evaluation of surgical
management must include discussion with infectious disease. The consequences of
unresolved osteomyelitis include wound non-healing, ulcer recurrence, systemic ill-
ness, and an increased risk for major lower extremity amputation.

Jeffcoate and Lipsky have demonstrated that a combination of clinical signs supple-
mented by laboratory results, imaging modalities, and bone biopsies all play an impor-
tant role in the comprehensive evaluation of osteomyelitis [33]. No single test, including
tissue-based diagnostics, should drive treatment decisions. When the clinical impres-
sion suggests osteomyelitis, while other diagnostic tests are conflicting or equivocal,
the emphasis should err on the side of treatment. The intraoperative clinical evaluation
of the bone by the surgeon may help determine the definitive treatment plan.

Deformity

The foot serves a unique and complex musculoskeletal purpose. The foot and its
associated bones and joints collectively work to efficiently disperse immense loads
during gait. Disturbances in lower extremity biomechanics ultimately result in
changes in gait and load distribution which can lead to degenerative processes. In
patients with normal sensation, changes in anatomic structure progress slowly but
lead to pain and manifest in clinical syndromes which are easy to identify.
Deformities of the forefoot are common and can occur in all age groups. Digital
hammering and hallux abductovalgus are examples of common digital pathologies,
which can present with a wide range of clinical symptoms. Hindfoot and midfoot
pathologies are often more complex and may require major reconstruction to fix. As
Faglia et al. described, perhaps the most difficult pathology to treat in the lower
extremity is plantar heel ulceration secondary to calcaneal gait [32]. Major lower
extremity amputations may be required.

Types of Lower Extremity Amputation

When the clinical indications are met, the extent of the amputation must be evalu-
ated from a risk benefit perspective. Risk assessment depends on level of acuity and
hemodynamic stability and must take into account laboratory parameters that might
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Fig. 3.5 Toe amputations

require medical optimization for each patient prior to undergoing amputation. As
Roukis et al. have shown, preservation of lower extremity length is important, but
the resultant biomechanical function must take precedence [34]. There are several
levels of amputations and variations that are commonly performed.

Minor Amputations of the Foot
Toe Amputations (Figure 3.5)

Toe amputations are those in which an entire digit is removed at the metatarsopha-
langeal joint. For the lesser digits 2—4, the biomechanical implications are more
forgiving than the amputation of the hallux. Although a disarticulation amputation
of the hallux and the fifth toe can be performed, soft tissue closure may require the
excision of the fifth metatarsal head. From a functional perspective, little sequelae
occur when the digit is removed without the need for resection of the respective
metatarsal head. When the metatarsal parabola is changed, the weight distribution
during the gait cycle and in stance is greatly disturbed. Typically the weight is
directed to the unaffected metatarsal adjacent to the one resected. A transfer lesion
results in a new area of high pressure. Sage explained how this predisposes the
patient to the same cycle of ulceration and risk of osteomyelitis and amputation
[35]. When the lateral column of the foot has freedom of movement, this risk is
lessened. When the lateral ray range of motion is limited, increased transfer ulcer-
ations and complications undoubtedly occur. Rinonapoli et al. state that the greatest
complication encountered with a second toe amputation is the occurrence of a hal-
lux valgus deformity [36]. In the insensate patient, this type of deformity can pre-
dispose to ulcerations at the medial aspect of the first metatarsophalangeal joint.
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When the base of the proximal phalanx can be preserved, the stump can provide a
buttress that has the potential to decrease the development of hallux valgus. The
third toe is part of the immobile central column, and thus, the implications of a total
third toe disarticulation bear minimal consequence for amputation.

When only a part of the toe requires amputation, the partial toe amputation is
simple to perform. Generally, disarticulation at the interphalangeal joints is accept-
able. Although the length of the toe does not have an impact on overall outcomes, it
is more important to create an amputation with soft tissue closure in mind. All toe
amputations should be designed with primary or delayed primary closure in mind.
The soft tissue envelop of the digit often dictates the level of amputation. Most digi-
tal ulcerations occur either at the distal toe or over the dorsal proximal interphalan-
geal joint. In the case of the distal ulceration, excision of the ulcer and the nail plate
and extirpation of the distal phalanx can provide a plantar flap that can provide a
durable closure. When ulceration occurs over the dorsal proximal interphalangeal
joint, an excisional arthroplasty is an option. However, if too much bone is required
to be removed secondary to underlying osteomyelitis, a partial toe amputation tran-
secting the proximal phalanx is a practical amputation.

When the hallux is involved, the biomechanics of the foot is greatly influenced
by the level of amputation. A partial hallux amputation preserves both length and
the attachment of the flexor hallucis brevis tendon at the base of the proximal pha-
lanx, which is an important stabilizer. Typically, closure of this type of amputation
requires the resection of the head of the proximal phalanx. Oliver et al. discussed the
importance of evaluating the presence of hallux rigidus, as partial hallux amputa-
tions should be avoided to prevent re-ulceration [37]. Disarticulation at the level of
the first metatarsophalangeal joint maintains the metatarsal parabola and thus miti-
gates the risk of transfer ulceration. Evaluation of the first metatarsophalangeal joint
range of motion is important to delineate type of hallucal amputation. Because most
ulcerations occur plantar or medial to the first metatarsophalangeal joint, partial hal-
lux and disarticulation amputations may not provide adequate soft tissue coverage.
Although there are hallux-sparing procedures, often the only viable option is a par-
tial first ray amputation, where the head of the first metatarsal is resected. The
removal of the head of the metatarsal, where osteomyelitis is most likely to occur,
addresses the infection while allowing soft tissue coverage. Quebedeaux et al.
explain that because the hallux is an integral component during the push-off phase
of gait, its removal imparts dramatic biomechanical consequences, which can result
in progressive ulcerations laterally [38]. The loss of length and disturbance of the
normal parabola predispose to transfer ulcerations which have the potential to lead
to further amputations. Elmarsafi et al. reported that the use of permanent cement
spacers after resection of the metatarsal head in these cases can result in improved
rates of hallux salvage and decreases risk of transfer ulcerations [39].

In the case of ischemic necrosis, without infection, and in the setting of a patient
who is not a surgical candidate, auto-amputation of the digit can be an acceptable
option. Patients in whom vascular interventions are not possible, so long as infec-
tion has not developed to the afflicted foot, auto-amputation is a safe and noninva-
sive method. Topical drying and antiseptic agents must be used, however, with
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Fig. 3.6 Partial ray and transmetatarsal amputations

frequent inspection for the occurrence of early signs of infection. Once infection
occurs, surgical amputation must be considered. Furthermore, when large areas
undergo ischemic necrosis, such as an entire foot or leg, evidence of systemic toxic-
ity other than infection can be an indication for amputation. In these cases, when
vascular correction of the ischemic limb is not possible, amputation should not be
delayed. The risks and benefits or all interventions must be reviewed in light of each
patient’s wishes, expectations, and functional status.

Partial Ray Amputations and Transmetatarsal Amputations (Figure 3.6)

Partial ray amputations and transmetatarsal amputations (TMA) are commonly per-
formed procedures, both as primary and salvage procedures for forefoot infection
and ischemia. According to Landry et al., in a series of 62 TMAs performed in 57
patients, healing occurred in 53%, 22 ended up with below-knee amputations, and
11% died without healing [40]. A meta-analysis performed by Thorud et al. revealed
that the reoperation rate was 24%; reamputation rate was 28%; and 30% required
major amputations following initial TMA [41]. These poor results have caused sur-
geons to evaluate their surgical technique and consider adjunct procedures. Garwood
and Steinberg investigated procedures such as Achilles lengthening, anterior tibial
tendon lengthening, or anterior tibial tendon transfer and found that they may play
a role in decreasing postoperative complication rates [42]. Furthermore, Boffeli
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et al. reported a 75% radiographic incidence of heterotopic ossification (HO) fol-
lowing partial ray resection with 18% exhibiting HO-related ulceration [43]. These
findings suggest that risk stratification and prophylaxis against heterotopic ossifica-
tion may be warranted in certain patients.

Surgical technique: Partial ray amputation incisions are made longitudinally over
the operative metatarsal. The TMA incision is designed to create a long, thick myo-
cutaneous plantar flap. A slightly curved dorsal transverse incision is made at the
level of the mid-to-proximal metatarsal shafts. The apices of the incision on the
medial and lateral sides are made slightly proximally at the level of the glabrous
junction. The plantar incision is made as distally as possible as any excess tissue can
later be trimmed. The plantar flap is reflected plantarly and the metatarsals are
exposed. It is critical to maintain the metatarsal parabola during the osseous cuts.
For both partial ray resections and transmetatarsal amputations, more bone should
be removed from the plantar than dorsal aspect for all five metatarsals. The first and
fifth metatarsals should also have slightly more bone resected on the medial and
lateral aspects, respectively. The exposed flexor and extensor tendons should be
sharply excised. The plantar tissue is then flapped dorsally to be primarily closed
with the dorsal skin. Closure is performed in multiple anatomic layers, and the
authors prefer to close the skin with vertical mattresses without tension.

Postoperative course: The patient should be non-weight bearing for 2—4 weeks or
until the incision has completely healed. At this point the sutures are removed. The
patient may require a special ankle-foot orthosis, a rigid rocker-bottom shoe, or a
toe filler. After the patient has fully healed, regular follow-ups should be performed
every 6 months to check for signs of irritation, soft tissue breakdown, or infection.

Major Amputations
Below-Knee Amputations (Figure 3.7)

Transtibial or below-knee amputation is the most common major lower extremity
amputation performed. BKAs are performed when it is deemed that the foot and
ankle are non-salvageable. It can also be performed for intractable pain such as that
from untreatable critical limb ischemia. Despite being a commonly performed pro-
cedure, BKAs have relatively poor outcomes. Aulivola et al. report that the 30-day
mortality rate for below-knee amputation is 5.7%. In their study of 704 BKAs,
18.4% required subsequent operation, and 9.4% required conversion to above-knee
amputation [44]. The overall survival rates at 1 and 5 years were 69.7% and 34.7%,
respectively.

The tibia can be transected at different lengths, but at least 8 cm of tibia distal to
the knee joint is required for optimal fitting of a prosthesis. A short transtibial ampu-
tation is when less than 20% of original length is preserved, a standard amputation
is between 20% and 50%, and a long transtibial amputation is when greater than
50% is preserved. Waters et al. report that the energy expenditure above baseline is
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Fig. 3.7 Below-knee amputations

40% for short BKA, 25% for an average BKA, and 10% for a long BKA [45]. This
increased energy requirement is because of the shorter moment arm making knee
extension and therefore ambulation more difficult. Despite a long BKA requiring
less energy expenditure, it is usually not advised in the diabetic patient with periph-
eral arterial disease because the likelihood of wound healing complications increases
dramatically.

Surgical technique: A transverse anterior incision is made approximately 15 cm
distal to the knee joint or 10 cm distal to the tibial tuberosity. It extends approxi-
mately two-thirds of the total circumference of the leg. The posterior incision is
made as far distally as possible to create a long flap that can later be trimmed as
needed for proper closure. The anterior tibial neurovascular structures are identified,
clamped, and ligated. The tibial cut is made 2-3 cm proximal to the anterior skin
flap, with the fibula transected 1-2 cm proximal to the tibial cut at 45° on the coro-
nal plane. The anterior portion of the tibia is beveled and rasped to make it smooth.
At this point, an Ertl procedure, which consists of a distal tibiofibular synostosis,
can be performed. According to Bosse et al., the Ertl may provide a better prosthetic
fit, increase the weight bearing surface, and improve function especially among
high-performing individuals [46]. However, it is more technically challenging,
requires a longer operative time, has a longer healing time, and possibly has a higher
complication rate. Once the osseous cuts have been made, the posterior vessels are
identified, clamped, and ligated. The common peroneal and tibial nerves are either
sharply transected under tension or an end-to-end neurodesis is performed to pre-
vent phantom limb pain. At the authors’ institution, the nerves are injected with
liposomal bupivacaine before closure. The deep posterior muscles and soleus are
isolated and transected just distal to the level of the tibia. The peroneal muscles and
gastrocnemius are myodesed to the distal tibia to provide a stable and cushioned
distal stump. Closure is performed in multiple anatomic layers, and the authors
prefer to close the skin with alternating vertical mattresses and staples. A closed
suction drain is usually placed and removed once the drainage decreases to less than
20 ml over 24 h for 2 consecutive days.
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Transgenicular, also known as through-knee or knee disarticulation amputation,
is another option for patients with infrapopliteal vascular disease. The benefits of
this procedure include relative technical ease, short procedure time, and less trau-
matic dissection. It offers weight bearing over a large surface area and a biome-
chanically advantageous long lever arm. It also preserves all muscle groups which
help prevent muscle imbalances and contractures. Historically, the greatest problem
has been fitting standard prosthesis with the double condylar, bulbous end. Morse
et al. published a series of 50 patients [47]. They reported a 6% mortality rate and
81% uncomplicated healing rate. The survival probabilities at 3 and 5 years were
0.60 and 0.44, respectively. The disadvantages of this type of amputation mostly
relate to fit of prostheses and patient comfort in a prosthetic.

Surgical technique: A fishmouth incision with equal anterior and posterior flaps
is created. The flap should extend past the tibial tuberosity. The patellar tendon is
detached from the tibia. A circumferential knee capsulotomy is performed, along
with a transection of the cruciate ligaments. Care should be taken to preserve the
superior genicular artery when dissecting the gastrocnemius. The popliteal artery is
identified, clamped, and ligated. The common peroneal and tibial nerves are either
sharply transected under tension or an end-to-end neurodesis is performed to pre-
vent phantom limb pain. At the authors’ institution, the nerves are injected with
liposomal bupivacaine before closure. The hamstring tendons are myodesed to the
knee capsule to prevent flexion contracture. The iliotibial band is anastomosed to
the knee capsule to preserve abductor function. The patellar tendon is attached to
the cruciate ligaments with the hip in extension to prevent flexion contracture. There
is some debate whether to excise the patella or to perform a patellofemoral arthrod-
esis, with good results reported in the literature for both techniques. The protruding
surfaces of the distal femoral condyles are resected, and a conical stump is formed.
Closure is performed in multiple anatomic layers, and the authors prefer to close the
skin with alternating vertical mattresses and staples. A closed suction drain is usu-
ally placed and is removed once the drainage decreases to less than 20 ml over 24 h
for 2 consecutive days.

Patients who require a BKA and who were previously ambulatory are more
likely to function well with a prosthetic. Patients who were minimally able to ambu-
late independently prior to a BKA are less likely to function well with a prosthetic.
The decision process however should not change; the indications for a BKA should
be well delineated. If a patient is a good candidate for a BKA and is offered diligent
and comprehensive physical rehabilitation, outcomes may prove favorable, particu-
larly if cardiopulmonary reserve is adequate to support exertion. It is important to
note that in patients who are bedridden, and for those with contractures of the lower
extremity, an above-knee amputation is a better choice to prevent distal stump
necrosis and pressure-induced ulcerations for BKA’s with subsequent flexion con-
tracture at the knee. A well-performed BKA is a versatile amputation that affords
patients with a robust soft tissue closure, at a level with more tissue perfusion, and
amenable to fitting and ambulation in a prosthetic (Video 3.1).
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Fig. 3.8 Above-knee amputations

Above-Knee Amputation (Figure 3.8)

Transfemoral or above-knee amputation (AKA) is the procedure of choice when a
patient has severe peripheral vascular disease at the popliteal or infrapopliteal level
without revascularization options or when the patient has extensive soft tissue loss
or infection with resultant inadequate tissue coverage to heal a more distal proce-
dure. Alternatively, patients with severe lower extremity contractions which contra-
indicate endovascular intervention, and are poor candidates for a more distal
amputation, are best served with this type of amputation. The proximal nature of the
procedure allows for the greatest chance of wound healing. However, AKAs come
with greater morbidity and mortality risks compared to BKA. Research conducted
by Aulivola et al. shows that the 30-day mortality rate for AKAs was 16.5% and the
1- and 5-year survival rates were 50.6% and 22.5%, respectively [44]. According to
Waters et al., the energy expenditure is 65% above baseline for ambulation [45].
This increased effort results in less than one-third of AKA patients successfully
rehabilitating with prosthesis.

AKAs s can be performed at various levels along the femur. In order to properly fit
a prosthetic device, the residual limb must be at least 4-6 inches from the groin and
at least 4 inches above the distal aspect of the femur. Long, medium, and short trans-
femoral amputations occur when greater than 60%, between 35% and 60%, and less
than 30% of the original femoral length is preserved, respectively.

Surgical technique: After the level of bone resection has been determined, a fish-
mouth incision is made distal to that level. The anterior flap should be longer in
order to create a posterior scar. The adductors should be preserved and should be
myodesed to the distal aspect of the femur at the end of the procedure to prevent an
abduction contracture. The femur is transected at the desired level. The major blood
vessels should be identified, clamped, and ligated. The sciatic nerve can either be
cauterized or end-to-side loop anastomosis may be performed to prevent phantom
limb pain. At the authors’ institution, the nerve is injected with liposomal bupiva-
caine before closure. The anterior and posterior muscle groups are transected
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sharply to retract to the level of bone resection. Quadriceps myodesis is performed
with the femur in full extension to prevent hip flexion contracture. Closure is per-
formed in multiple anatomic layers, and the authors prefer to close the skin with
alternating vertical mattresses and staples. A closed suction drain is usually placed
and is removed once the drainage decreases to less than 20 ml over 24 h for 2 con-
secutive days.

Postoperative course for major amputations: The patient should be non-weight
bearing for 6-9 weeks. The staples are removed at 7-10 days and the sutures are
removed at 3—5 weeks. The leg should be compressed with lymphedema wraps. The
patient should be fitted for prosthesis at 6—8 weeks in order to create the proper fit.
Premature fitting for prosthesis will create one that is too large as the patient’s
swelling will continue to improve. At approximately 6-9 weeks, patients are allowed
to weight bear as tolerated and gradually increase activity. Physical therapy is initi-
ated after delivery of prosthesis and should be continued for 3—4 weeks to increase
functional status. After the patient has fully healed, regular follow-ups should be
performed every 6 months to check for signs of irritation, soft tissue breakdown, or
infection.

Conclusions (Figure 3.9)

Although amputation cases can be challenging, if the basic approach to each patient
is comprehensive and complete, successes can be met with amicable frequency.
There are several other types of infrequently used amputations which have not been
described in this chapter. However, the overwhelming majority of cases can be

Fig. 3.9 Prosthetic limbs
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successfully addressed in keeping within the context of the information provided
herein.

Traumatic amputations though not discussed in detail should follow the general
principles and guidelines of any amputation. For all levels of amputation of the
lower extremity, acute and post-traumatic causes can be executed as a staged or in a
single operation. Postoperative complications and long-term outcomes are dramati-
cally different in the typically young healthy amputee, versus amputations in the
complex host. Traumatic amputations in the diabetic patient should be exercised
with the same precautions outlined in this chapter.

There are many conditions which can contribute to the need for a lower extremity
amputation. Understanding the underlying etiology, mitigating risk factors which
lead to poor postoperative outcomes and performing the proper type of amputation
are important surgical considerations. Knowing patient expectations and perform-
ing amputations which preserve function provide the foundation for proper salvage.
Once a patient undergoes an amputation at any level, continued interval surveillance
for the detection of other risk factors which may lead to additional amputations
must be established. The contralateral limb must always be evaluated for the same
risks. Optimizing glycemic control, nutritional status, and other modifiable param-
eters can prove beneficial. When a major lower extremity amputation is required,
the advancements in prosthetics and the materials they are made from have made
functional outcomes possible even in the most challenging cases. Physical rehabili-
tation is always an appropriate part of recovery.
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Chapter 4
Gastrocsoleus Lengthening

Christopher P. Chiodo

Background

The gastrocsoleus complex, also known as the triceps surae, is located in the super-
ficial posterior compartment of the leg. It is comprised of the gastrocnemius and
soleus muscles, which ultimately join to form the Achilles tendon. The gastrocne-
mius muscle is larger and superficial to the soleus. It has two heads that originate on
the medial and lateral condyles of the distal femur. Distally, it terminates into a
broad, fascia-like tendon that then joins with the terminal soleus to form the Achilles
tendon. Functionally, the gastrocnemius crosses both the knee and ankle joints. The
soleus, meanwhile, is a broad, multipennate structure that originates from the pos-
terior tibia and fibula. Its distal tendon is often lest distinct. Unlike the gastrocne-
mius, the soleus does not cross the knee.

Concentric contracture of the gastrocsoleus complex is responsible for forward
propulsion through active ankle plantarflexion. This occurs during the second half
of the stance phase of gait. Meanwhile, eccentric contraction of the gastrocnemius
and soleus muscles allows with controlled ankle dorsiflexion during the swing
phase of gait. Additionally, isometric contracture of the soleus muscle is instrumen-
tal in controlling sway and stabilizing the ankle during normal standing.

A gastrocsoleus contracture can substantially alter the biomechanics of gait and
weight-bearing. In the setting of a contracture, the gastrocnemius and soleus mus-
cles are unable to fully elongate during the stance phase of gait. With this, ankle
dorsiflexion is restricted, and the leg is unable to fully progress over the planted
foot. This results in premature and increased loading of the forefoot, which in turn
may contribute to the development of an ulcer. Alternatively, it may inhibit healing
or lead to recurrence of preexisting ulcers.
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It follows that addressing a gastrocsoleus contracture is an important component
of treating nonhealing foot ulcers. Nonoperative measures may include home
stretching, physical therapy, and the use of a night splint. Surgical lengthening is
most often accomplished by either a gastrocnemius recession or an Achilles tendon
lengthening. A gastrocnemius recession entails division of the gastrocnemius ten-
don just distal to the musculotendinous junction [1]. Following an early review in
1950, this operation is often referred to as a “Strayer” procedure [2]. It is indicated
for contractures isolated to the gastrocnemius muscle without concomitant involve-
ment of the soleus.

Meanwhile, an Achilles tendon lengthening is used for combined contractures of
the gastrocnemius and soleus muscles. While such lengthening may be accom-
plished with an open Z-plasty, this more extensive procedure is usually not neces-
sary in patients with plantar wounds. Instead, the triple hemisection technique as
described by Hoke is a useful alternative [3]. This procedure lengthens the Achilles
through three percutaneous incisions and sequential, transverse step cuts that alter-
nate between the medial and lateral halves of the tendon.

In the presence of a contracture, both gastrocnemius recession and Achilles
lengthening can reduce the mechanical loads exerted on a plantar foot ulcer. This
facilitates healing and prevents recurrence of future ulceration.

Indications

Surgical lengthening of the gastrocnemius or Achilles is indicated for recalcitrant
ulcers of the plantar forefoot associated with a gastrocsoleus contracture. A Strayer
procedure is indicated for contractures isolated to the gastrocnemius muscle.
Meanwhile, surgical lengthening of the Achilles tendon is indicated for plantar fore-
foot wounds associated with combined contractures of the gastrocnemius and soleus
muscles.

Distinguishing between an isolated gastrocnemius contracture and a combined
contracture of the gastrocnemius and soleus muscles is based on physical examina-
tion, in particular the Silfverskiold test. The anatomic basis of this test is the fact
that the gastrocnemius muscle crosses both the ankle and knee joints, while the
soleus crosses only the ankle joint. As such, knee flexion will relax the gastrocne-
mius, but not the soleus. The Silfverskiold test assesses passive ankle dorsiflexion
first with the knee extended and then flexed to 90° (Fig. 4.1). In the absence of
contracture, ankle dorsiflexion will be similar with both knee flexion and extension
(approximately 10°-15° in healthy individuals). With an isolated gastrocnemius
contracture, there will be decreased ankle dorsiflexion with the knee extended, but
not with the knee flexed. With a combined gastrocsoleus contracture, there will be
decreased ankle dorsiflexion both with the knee flexed and extended.

In the author’s experience, most contractures associated with plantar forefoot
ulcers are limited to the gastrocnemius muscle. As such, they can usually be
addressed with a Stayer procedure. While a Hoke lengthening may also suffice, it



4 Gastrocsoleus Lengthening 65

Fig. 4.1 With the Silfverskiold test, an isolated gastrocnemius contracture is characterized by
normal ankle dorsiflexion with the knee flexed (a) but decreased ankle dorsiflexion with the knee
extended (b)

can result in excessive lengthening [4]. This, in turn, can lead to the development of
heel ulceration.

Contraindications

Gastrocsoleus lengthening may result in increased loading of the heel and is there-
fore contraindicated for plantar heel wounds. It may also be contraindicated in the
setting of compromised soft tissues, as seen after extensive trauma or burn injuries.
However, in these instances, a percutaneous Achilles lengthening may still be
possible.

Active distal infection is not considered a contraindication for surgery. In fact,
those wounds for which gastrocsoleus lengthening is indicated are often infected. In
these instances, the surgeon has two options. First, the procedure can be staged, and
lengthening pursued after local control of the ulcer is obtained. Alternatively,
lengthening can be performed simultaneously with ulcer debridement. In this set-
ting, the extremity is prepped and draped as described below.

Pearls and Pitfalls

Preoperative Evaluation

An assessment of the patient’s general health status and medical comorbidities is
essential. The history should be explored for diabetes, smoking, thromboembolism,
social support systems, restrictions in the home living environment, and the ability
to adhere to non-weight-bearing restrictions. The physical examination should
include the Silfverskiold test, as well as evaluation of the limb alignment, both with
and without weight-bearing. The neurovascular status must also be carefully
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assessed. Manual sensory testing with a 5.07 monofilament nylon wire can be used
to assess protective sensation. Peripheral pulses should be manually palpated. If
both the dorsalis pedis and posterior tibial pulses are diminished or non-palpable,
then vascular testing or consultation with a vascular surgeon is indicated.

Radiographs of the foot and ankle should be obtained and, if possible, performed
with the patient standing. These are helpful to assess alignment and as well to rule
out ankle impingement or arthritis. The latter can mimic a soft tissue contracture
and also manually block any correction afforded by a gastrocsoleus lengthening.
Advanced imaging, usually in the form of magnetic resonance or nuclear studies, is
performed as needed to assess for infection.

Surgical Prepping

As noted, a gastrocsoleus lengthening frequently performed in the setting of distal
infections. In these instances, the foot is immediately isolated with an impermeable
stockinette after the extremity has been prepped and draped. The proximal length-
ening is then performed. Following a layered closure, the incision is protected with
an occlusive dressing. Thereafter, the surgeon proceeds with distal ulcer debride-
ment and other indicated procedures.

Avoiding Sural Nerve Injury

With either a Strayer or Hoke procedure, the sural nerve is at risk for transection.
This may result in numbness or a painful neuroma. With a Strayer, the sural nerve is
also at risk for stretch injury due overzealous retraction. The sural nerve travels in
the midline of the posterior leg proximally and then courses laterally in the distal
third of the leg. It exists the crural fascia in the region of the gastrocnemius muscu-
lotendinous junction and thus is particularly vulnerable to injury during a Strayer
procedure. In one cadaver study, Pinney and colleagues found that in 57.5% of
specimens, the nerve was still deep to the crural fascia at the level of a Strayer pro-
cedure [5]. Moreover, the nerve was directly applied to the gastrocnemius tendon in
12.5% of specimens and needed to be gently dissected off of the tendon. With a
Hoke lengthening, the nerve is on average 7.9 mm from the lateral edge of the ten-
don, and as such extra care must be taken with the lateral hemisection [6].

Incomplete Correction

Incomplete correction of a contracture following a Strayer procedure is usually due
to one of two factors. First, the surgeon may have failed to release the far lateral
fibers of the tendon. Alternatively, the surgeon may have failed to identify a
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combined gastrocsoleus contracture. In the latter scenario, there are two options.
One is to release the fascia of the soleus muscle and see if this affords further cor-
rection. The other is to proceed with a distal percutaneous Achilles lengthening.

Incomplete correction following a Hoke lengthening is usually due to inadequate
release of central or peripheral fibers. In this setting, the surgeon should revisit each
cut to make sure that adequate tendon has been resected.

Achilles Rupture

Inelasticity of the tendon fibers can lead to complete rupture of the Achilles when
performing a Hoke lengthening. To avoid this, care should be taken not to extend
past the midline when performing the hemisections. If a rupture does occur, the
author’s protocol is to treat this with observation, as the paratenon is still intact and
the tendon can heal. To avoid over-lengthening in this situation, however, the ankle
should not be allowed to dorsiflex past 0°-5° of dorsiflexion.

Approaches and Techniques

Gastrocnemius Recession (Strayer Procedure)

With a Strayer procedure, the patient can be positioned either prone or supine. This
is dependent on surgeon preference and the nature of any other procedures being
performed at the time of surgery. In the author’s experience, supine positioning is
usually adequate. With this, the extremity is allowed to externally rotate at the hip,
facilitating access to the medial calf. A thigh tourniquet may be used but generally
is not needed.

An 8-10 cm medial longitudinal incision is centered over the musculotendinous
junction of the gastrocnemius muscle (Fig. 4.2). The inflection point at the distal
aspect of the posterior calf musculature is a helpful landmark to guide incision
placement. The subcutaneous tissues are then bluntly dissected. A communicating
branch of the lesser saphenous vein is often encountered and is cauterized or gently
retracted (Fig. 4.3).

The crural fascia is then incised in line with the skin incision, exposing the distal
edge of the gastrocnemius muscle and the medial aspect of the gastrocnemius
tendon (Fig. 4.4). The tendon is a broad, flat structure which will distally merge with
the soleus tendon to form the Achilles tendon.

Next, the gastrocnemius tendon is carefully isolated. Doing so will protect the
soleus muscle (deep) and the sural nerve (superficial). It is particularly helpful to
dissect the epitenon layer off of the superficial surface of the tendon and then place
a malleable retractor between this layer and the tendon (Fig. 4.5). This helps to
ensure that the sural nerve is separated away from the tendon prior to transection.
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Fig. 4.2 Skin incision for the Strayer procedure

Fig. 4.3 A communicating branch of the lesser saphenous vein is encountered in the subcutaneous
dissection

Once the tendon has been isolated, it is transversely transected from medial
to lateral using Metzenbaum scissors (Fig. 4.6). Two Kocher clamps are utilized
to deliver the central and far lateral portions of the tendon into the medial
wound. While the tendon is transected, the ankle is gently dorsiflexed with the
knee straight. This puts the tendon under tension and also allows the surgeon to
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Fig. 4.4 Following division of the crural fascia, the medial edge of the gastrocnemius tendon is
identified

Fig. 4.5 A malleable retractor placed immediately superficial to the gastrocnemius tendon pro-
tects the adjacent sural nerve

know when the release is complete. With final release of the lateral tendon
fibers, ankle dorsiflexion will suddenly improve, moving well past neutral. A
gap in the tendon will be visible, as will the underlying soleal muscle fibers
(Fig. 4.7). The latter often elongate as well due to their adherence to the adja-
cent gastrocnemius tendon.
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Fig. 4.6 The gastrocnemius tendon is transected with scissors

Fig. 4.7 With completion of the procedure, a gap is visible in the gastrocnemius tendon. The
underlying soleus muscle fibers are also visualized

A careful layered closure is then performed (Fig. 4.8). The crural fascia may be
closed with absorbable braided sutures. The subcutaneous layer is closed with 3—0
or 4-0 absorbable monofilament sutures and the skin closed with 3—0 nylon sutures.
The extremity is immobilized with either a well-padded plaster splint or a pneu-
matic boot, depending on the anticipated weight-bearing status of the patient as well
as the nature of other procedures performed.
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Fig. 4.8 Wound closure for the Strayer procedure

Triple Hemisection Achilles Lengthening

As with a Strayer procedure, the patient may be positioned supine or prone. Three
percutaneous midline incisions are marked on the skin over the Achilles tendon
(Fig. 4.9). These are separated by 2-3 cm and begin approximately 2 cm above the
tendon insertion.

A #15 blade is inserted vertically through the distal incision and passed deep
through the midline of the tendon. The scalpel is then rotated medially and turned
perpendicular to the tendon. With the ankle gently dorsiflexed so that the tendon is
under tension, the blade is brought back toward the skin, thus transecting the medial
50% of the tendon.

The middle incision is then percutaneously incised in a vertical fashion. The
scalpel is again passed through the midline of the tendon, in line with the skin inci-
sion. This time, however, the blade is rotated /aterally and brought back toward the
skin to transect the lateral 50% of the tendon. The sural nerve is at risk with this step
of the procedure, and care should be taken not to incise beyond the lateral tendon
edge.

Finally, the most proximal incision is made. The scalpel is again inserted through
the tendon and now again turned medial to release the medial tendon fibers. As with
the prior tendon cuts, the ankle is continually dorsiflexed by an assistant.

With this, three alternating step cuts have been made in the tendon. Upon com-
pletion of the last cut the tendon typically elongates (Fig. 4.10). If it does not, pro-
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Fig. 4.9 Skin incisions for the Hoke procedure

Fig. 4.10 Illustration
demonstrating elongation
of the Achilles following a
Hoke procedure
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gressive dorsiflexion is applied. If the tendon does not release with this, the cuts are
revisited to ensure that there are no intact peripheral fibers. If present, these should
be released. If not, then the central portion of each cut can be slightly extended
toward or beyond the midline to achieve lengthening.

The wounds are closed with nylon. As with the Strayer procedure, the extremity
is immobilized with either a padded splint or a pneumatic boot.

Postoperative Protocol

Dressings and sutures are typically removed between 2 and 4 weeks postopera-
tively. As most patients with plantar wounds have diabetes, it is better to leave the
sutures in for a longer period of time to minimize the risk of dehiscence. Following
a Strayer procedure, heel weight-bearing is permitted as soon as possible, typically
in a pneumatic boot or a postoperative shoe that offloads the plantar forefoot. With
an Achilles lengthening, however, weight-bearing is typically restricted (either non-
weight-bearing or partial weight-bearing) for 6 weeks in order to prevent tendon
rupture. Nevertheless, active range-of-motion exercises are permitted at 2 weeks
postoperatively.

Outcomes

There is fair clinical evidence to support the use of gastrocsoleus lengthening in
neuropathic patients who have plantar forefoot ulcers that have not responded to
nonoperative care [7, 8].

Mueller et al. reported the results of a prospective, randomized trial in which 64
patients with neuropathic plantar ulcers were treated with total contact casting alone
or total contact casting combined with an Achilles lengthening [9]. All patients in
the Achilles lengthening group healed, compared with only 88% of patients who
were treated with casting alone. While this difference was not statistically signifi-
cant, there was a significant difference in the ulcer recurrence rate (81% in the
casting group compared with 38% of patients who underwent casting combined
with Achilles lengthening).

Meanwhile, Laborde reported on 20 neuropathic plantar forefoot ulcers treated
with a gastrocsoleus recession [10]. The procedure used was a Vulpius recession, in
which the tendon release is v-shaped and slightly more distal than a Strayer. Patients
with first metatarsal head ulcers also underwent Z-lengthening of the peroneus lon-
gus, while patients with ulcers under the fifth metatarsal head underwent fractional
lengthening of the posterior tibial muscle. Ninety-five percent of ulcers healed at an
average of 45 months. There were three recurrences, and these healed with repeat
tendon lengthening.
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Finally, Holstein and colleagues reviewed 68 patients with 75 neuropathic ulcers

treated with an Achilles lengthening [4]. Ninety-one percent (68/75 feet) of patients
healed at a median follow-up of 12 months. However, 10% of patients sustained an
acute Achilles rupture. Further, transfer ulcers developed below the calcaneus in
47% of patients with complete anesthesia of the heel pad. Late heel ulceration
occurred in another 14% of patients with ankle dorsiflexion >15°.
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Chapter 5
Operative Management of Pressure Injuries

Dennis P. Orgill

Background

Pressure injuries commonly occur in patients with neurologic impairment or in
those who are frail and hospitalized for prolonged periods. Previously referred to as
pressure ulcers or pressure sores, the term pressure injury is now used to refer to
these conditions by the National Pressure Ulcer Advisory Panel [1]. Pressure inju-
ries are theoretically preventable, although, practically, there are many pressure
injuries in patients with comorbid diseases that may in fact not be preventable
despite using the best available surfaces and nursing care [2]. In fact, many patients
acquire pressure injuries near the end of life in which case comfort measures need
to be considered in treatment algorithms. We recently reviewed pressure injury
pathophysiology and treatment of pressure injuries [3].

The pathogenesis of pressure injuries relates to prolonged pressure and a skin
injury that can be caused by direct pressure, shear forces, and/or moisture. Pressure
injuries most commonly develop within the soft tissues that are between a support
surface and a bone. Pressure within the tissues rises to a level greater than the pres-
sure within capillaries, halting blood flow and making tissues ischemic. In patients
that are neurologically intact, this causes pain and prompts movement to relieve
pressure. This is well demonstrated in humans during sleep, naturally changing
position several times throughout the night. We know from surgery that prolonged
ischemia time can result in permanent necrosis. In the operating room, when per-
forming surgery on an extremity, we let down tourniquets after about 2 h to allow
for reperfusion of tissues. Ischemia can be prolonged with cooling which is used
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during cardiopulmonary bypass or in total circulatory arrest. Because of these
observations, recommendations have been made to turn patients every 2 h; however,
the evidence to support this recommendation, particularly when someone is on a
well-designed support surface, is not direct.

Once a pressure injury occurs, it can be staged according to the NPUAP classifi-
cation from Stage 1 (non-blanchable erythema in intact skin) to Stage 4, an ulcer-
ation down to the bone [4]. When a dry eschar is present and the depth cannot be
easily recognized, these injuries are referred to as “unstageable pressure injury”
(Fig. 5.1). The vast majority of pressure injuries that we see in our Wound Care
Center are those that occur in patients with neurological injury such as spinal cord
injuries, following stroke, or with debilitating neurological diseases such as multi-
ple sclerosis. There is a smaller group of patients that have been critically ill and are
neurologically intact that have the capacity to regain substantial movement. We find
that many of these patients have a great capacity to heal these wounds once they
have recovered from the initial medical conditions and are able to freely ambulate.

Initial Assessment

A large number of patients with Stage 3 and Stage 4 injuries will not completely
heal without a surgical intervention(s). A comprehensive initial evaluation of
patients with pressure sores is required to determine if patients are operative candi-
dates. It is very important to understand why each patient develops a pressure injury
in the first place. Unless these factors are resolved, recurrence rates are high. We
have seen several patients that come in with multiple pressure injuries. These are a
particularly challenging as they provide substantial evidence that the patient has
been unable to effectively offload areas of pressure. Without correcting this preop-
eratively, patients will develop pressure sores after the operation, either in similar
places or in other anatomic areas. Also, many patients are unable to tolerate being
in the prone position, and we off-load the surgical site for 6 weeks following a clo-
sure operation. Operating on more than one pressure sore can make positioning very
challenging. For patients that are unable to offload their ulcerations, closure with
surgery can be a futile procedure as recurrences are almost guaranteed. In contrast,
patients that are able to ambulate, walking is an ideal position for offloading.

Nutrition is a critical factor to allow healing. Many patients with pressure inju-
ries are nutritionally depleted and will not heal wounds which can become larger
and infected over time. Part of this is due to metabolic losses due to the large
wounds. Operating on a patient with a poor nutritional status places them at a very
high risk for complications. If there is no direct measurement of nutrition but a his-
tory of weight loss or loss of muscle mass, it should be concerning. When there is a
question, we obtain serum levels of albumin and prealbumin. A high-protein diet
can be helpful in correcting nutritional deficits (1.25-1.5 g/kg/day).

Other medical issues must be dealt with as well. Common conditions that we see
in patients with pressure injuries include diabetes mellitus, peripheral vascular
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a Stage1 Pressure Injury - Lightly Pigmented b Deep Tissue Pressure Injury
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Fig. 5.1 (a—d) Stage 1-4 pressure injury. (e) Deep tissue pressure injury. (f) Unstageable pressure
injury with slough and eschar (Adapted from the Pressure Injury Staging Illustrations in National
Pressure Ulcer Advisory Panel [1]. National Pressure Ulcer Advisory Panel, European Pressure
Ulcer Advisory Panel and Pan Pacific Pressure Injury Alliance [4]. Prevention and Treatment of
Pressure Ulcers: Quick Reference Guide. Emily Haesler (Ed.). Cambridge Media: Osborne Park,
Western Australia; 2014. Retrieved January 18, 2017, from http://www.npuap.org/resources/edu-
cational-and-clinical-resources/pressure-injury-staging-illustrations/)
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disease, coronary artery disease, end-stage renal disease, and pulmonary dysfunc-
tion. Smoking has deleterious effects on wound healing, and we require patients
having elective surgery to stop smoking and be off all nicotine products for 1 month
prior to surgery. Optimization of these conditions is critical before pursuing
surgery.

Urgent Debridement

Patients can develop abscesses and become septic from pressure injuries which
often require emergent debridement in the operating room. In some cases, these can
progress to necrotizing fasciitis or Fournier’s gangrene. These latter conditions
require an aggressive approach with often multiple trips to the operating room com-
bined with broad spectrum antibiotics. The purpose of these procedures is to drain
purulent fluid collections and remove devitalized tissue in order to stabilize patients.
The vast majority of patients that we see present with chronic indolent pressure
sores. Many of these patients can have serial debridement as outpatients while pre-
paring the patient for definitive surgery.

Intraoperative Debridement

For pressure ulcerations that are grossly infected, they need to be drained and
debrided until the infectious process is controlled. We often do this with the electro-
cautery to minimize bleeding. These patients are often hyperemic, and debridement
needs to be taken with caution to avoid excessive bleeding.

Many patients benefit through the use of Negative-pressure wound therapy
(NPWT) devices. These should be used with caution in an infected field and, if
used, should be changed frequently. We will generally use traditional dressings until
the wound is reasonably clean. In general, we like to shrink down the wound to a
small sinus tract before attempting flap closure and to do these closures on an elec-
tive basis. This allows the patient to prepare for the surgery and make sure that the
appropriate offloading and nutritional issues are resolved.

After applying a NPWT or other device for several weeks, the wound will often
shrink down significantly (Fig. 5.2). This allows us to do a relatively small debride-
ment and flap closure in these complex patients. For our closure procedures, we
prefer to do a complete excision of the wound. This can be facilitated by painting
the cavity with a dye such as methylene blue and taking about 5 mm of normal tis-
sue around the entire cavity (Figs. 5.3 and 5.4). We then shave down any exposed
bone with an osteotome removing all devitalized or grossly infected bone. We
obtain deep bone cultures of visually normal bone using clean instruments and send
these for microbiology to determine the type and length of antibiotic coverage nec-
essary. We then copiously irrigate the wound using a gravity system often using a
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Fig. 5.2 Typical results of pressure injuries treated with NPWT. (a) Initial ischial pressure injury.
(b) After 2 months of treatment, now ready for closure. Note the contraction of the wound, prolif-
eration of granulation tissue, and removal of slough (Reproduced from Ricci et al. [3]. Copyright
2017 by Wolters Kluwer Health, Inc)

Fig. 5.3 (a) Pre-op photo of patient with sacral and ischial pressure injuries. (b) Wounds marked
with methylene blue on cotton swaps to identify entire bursa (Reproduced from Ricci et al. [3].
Copyright 2017 by Wolters Kluwer Health, Inc)

combination of normal saline and antibiotic irrigation. Previously we have used a
pulse irrigation system but now prefer to use the gravity system (Video 5.1).

Specific Anatomic Areas Flap Options

In this section, we will focus on Stage 3 and Stage 4 pressure injuries. We prefer to
optimize the patient’s medical condition and allow the wound to shrink down as
much as possible prior to elective flap closure. By shrinking the wounds to small
sinus tracts, it makes the flap design simpler. When considering various flap options,
the surgeon always needs to think ahead and be prepared for another flap should a
recurrence occur. In the literature, it suggests that recurrence rates around 50% are
common. Therefore, the ability to re-rotate or readvance when possible should be
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Fig. 5.4 (a) Intraoperative and (b) postoperative photos of complete en bloc resection of pressure
injury bursa that is identified with methylene blue dye (Reproduced from Ricci et al. [3]. Copyright
2017 by Wolters Kluwer Health, Inc)

Table 5.1 Commonly used flaps for pressure injuries

Location of pressure injury Flap

Sacrum V toY flap, rotation flap, gluteal perforator flap
Ischium Posterior thigh flap, gluteal rotation flap
Trochanter Tensor fascia Lata flap

Ankle Local transposition flaps or perforator flaps
Heel Local flaps, medial plantar flap

Scalp Local flaps

considered. Flaps should take tissue from areas where there is excess tissue and
transpose it to the wound avoiding tension. There are various flaps that are com-
monly used for specific anatomic locations which are listed in Table 5.1.

Sacral Wound Closure

Sacral pressure injuries are most common in elderly debilitated patients that spend
most of their time in bed. Often they have some type of neurological impairment.
During the closure operation, we first totally excise the wound, shave down the
bone, and obtain deep bone biopsies for culture as described above. There are a
wide range of flaps that have been successfully described for the closure of sacral
wounds. For small to moderate sized wounds, we prefer V to Y flaps that are made
fairly large to allow for readvancement should the wound recur. We excise through
the skin and cut down and divide the fascia over the gluteus maximus muscle. This
allows a very nice mobilization of the flap that can move medially. For additional
mobilization, the flap can be dissected further to base this on a single large perfora-
tor through the gluteus maximus muscle that tracks to the superior gluteal system.
The pedicle can be dissected through the gluteal muscles for additional length, but
this generally is not necessary. We prefer to not connect the V incision to the wound
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Fig. 5.5 (a) Initial sacral pressure injury, (b) after debridement, and (c) closure utilizing a fascio-
cutaneous gluteal V-Y advancement on the left side and a gluteal advancement rotation on the right
side (Reproduced from Ricci et al. [3]. Copyright 2017 by Wolters Kluwer Health, Inc)

and have described a modified V to Y approach for these wounds [5]. This allows
for closure without having any t-junctions to heal. Closure is accomplished by
suturing the tissues in layers. We do the final layer with a permanent suture such as
polypropylene which we leave in for about 6 weeks. When a closure is close to the
anus, we will use a dissolvable suture. These flaps generally leave little dead space,
and we often utilize one small suction drain that we usually remove 2 days follow-
ing closure.

A transposition flap, based on a single gluteus maximus perforator, is also a nice
option for closure and allows for transfer of tissue on the lateral aspect of the but-
tock to the central aspect of the buttock. These can be based on either the superior
or inferior gluteal system. These flaps must be dissected with care, and postopera-
tive positioning is critical to not avoid compression of the pedicle.

Another common option is the use of large rotation flaps. These generally utilize
most of the buttock skin and can be either superiorly or inferiorly based. They have
the advantage that they are easy to readvance should a recurrence occur. The disad-
vantage of these flaps is that they create a large dead space that require drains to be
in place for several days following the operation and makes the complication of a
seroma more apt to occur. Keeping patients off their back in the postoperative period
for 6 weeks is important to reduce the risk of recurrences.

Ischial Wound Closure

We most commonly see these injuries in paraplegic’s that are wheelchair bound.
Because of the lack of sensation combined with the inability to move places them at
high risk for these injuries. Making sure they have adequate padding and a proper
wheelchair prior to doing an operation is essential. For many ischial pressures inju-
ries, there is minimal skin deficit and with care, the wound can be debrided through
a fairly small wound. In this case, we can cover the bone with the gluteus maximus
muscle and simply close the skin. In cases where skin is required, we will often use
posterior thigh flaps from below. These can be designed as V to Y advancement
flaps, transposition flaps, or rotation flaps (Fig. 5.5). Large gluteal rotation flaps,
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superiorly based can also be used to close these deficits, similar to what is describe
for sacral pressure injuries.

Trochanteric Wound Closure

These injuries are most common in bedridden patients and in spinal cord injury
patients where excessive pressure is placed over the hip. Occasionally, we will see
bilateral trochanteric injuries that make treatment challenging because of position-
ing. Similar to sacral and trochanteric injuries, these need initial wound care and
debridement followed in conjunction with patient preparation. The most common
flap for these is based on the tensor fascia lata although other flaps including the
anterolateral thigh flap and a variety of perforator flaps can be designed.

Scalp Pressure Injuries

Scalp injuries most commonly occur on the posterior scalp in patients that have
been lying in bed for a prolonged period, often in an ICU setting. Once they recover
from their underlying injury, these ulcerations typically heal. When they don’t heal,
common reconstructive options include skin grafts, scalp rotation flaps, and trape-
zius myocutaneous flaps. Trapezius flaps can often reach the occiput.

Lower Extremity Pressure Injuries

We frequently see lower extremity pressure ulcerations over the knee, ankle, and
heel. Very often these are associated with an underlying vascular disease. It is
important to do a careful exam and additional diagnostic studies if palpable pulses
are not present. There are many flaps that can be designed for each of these areas,
often based on specific perforators (Fig. 5.6). Occasionally free tissue transfer can
be used for limb salvage. In debilitated patients, amputation can often be the best
option.

Postoperative Care

Patients particularly with spinal cord injuries tend to heal slowly. We try to design a
protocol to completely offload the flap for 6 weeks following surgery. We use closed
suction drains that are placed into the wound for several days and then removed.
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Fig. 5.6 (a) Pressure injury on the lateral malleolus with perforator-based propeller flap marked
adjacent and (b) closure of wound by rotation of flap and skin grafting of the donor site to avoid
undue tension on the closure. (¢) Several weeks postoperatively (Reproduced from Ricci et al. [3].
Copyright 2017 by Wolters Kluwer Health, Inc)

Sutures stay in until the patient returns in 6 weeks for follow-up. We try not to see
the patients, unless there is a problem, before 6 weeks to avoid transport to our
clinic where they are at risk for wound disruption. We use digital photography as a
communication tool for patients that live far away.

Recurrence

We believe that with proper selection and preoperative treatment and counseling,
we can reduce the rates of recurrence substantially. However, particularly in the
neurologically impaired patients, even with the best efforts, recurrence is sometimes
unavoidable. We try not to do multiple operations in sequence. For recurrences early
on, we have been able to get many of these to heal with dressing changes alone,
often using a NPWT device and a renewed effort at offloading. For those that occur
months or years after surgery, repeat surgery is often required.

Conclusions

Surgery to treat pressure injuries is one of the most challenging procedures that
plastic surgeons can perform, due to the high rate of recurrence. An adequate preop-
erative assessment and counseling are critical to the long-term success of these
operations. Nevertheless, with careful planning, these operations can be of tremen-
dous benefit to these patients.
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Chapter 6
Forefoot Operations

Paul J. Kim

Introduction

The foot is at particularly high risk for injury due to its remote anatomical location
and functional requirements. Specifically, wounds can occur for a variety of reasons
including acute or repetitive trauma (including burns) or as a direct consequence of
a disease such as diabetes mellitus or autoimmune processes (e.g., theumatoid
arthritis) or as a consequence of a treatment for another condition (e.g., radiation,
elective or nonelective surgery). Further, repetitive minor trauma can lead to the
development and chronicity of a wound due to the forces encountered between the
shoe and the foot or the foot and the ground. The forefoot is often the first location
where wounds manifest in cases of systemic diseases. This is because of its remote
location as well as the decreased soft tissue density covering the bony architecture
in this area. The term “wound” and “ulcer” is often used interchangeably. However,
more precisely a “wound” should be reserved to describe a soft tissue defect that is
more acute, while an “ulcer” denotes a degree of chronicity.

Coverage or closure of a wound is not the only goal of surgical correction in the
forefoot. Biomechanical abnormalities are often the underlying reason for develop-
ment and chronicity of ulcers in the forefoot especially in the environment of under-
lying systemic diseases [1]. Wound prevention, targeted procedure selection,
long-term durability at the wound site, and avoidance of transfer ulcers are all
equally important. The surgical treatment of burns, radiation injury, and tumor
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resection will not be discussed in detail in this chapter. Each of these conditions has
their own unique challenges and is out of the scope of this chapter. The focus of this
chapter is on biomechanical forefoot surgery related to the chronic or nonhealing
wound.

Successful outcome of biomechanical surgery cannot be determined in the oper-
ating room but can only be determined when the patient returns to weight bearing
and ambulation. This is because the surgical correction addresses the dynamic pro-
cesses during weight bearing and ambulation, while the immediate post-correction
examination of the foot in the operating room is a static assessment. Maintaining or
improving function is the primary goal of surgical correction [2]. This involves
selecting the most appropriate procedure and identifying the most appropriate
patient. Most wounds will heal with good conservative wound care including the
use of dressings, topical ointments, and offloading/immobilization. However, for
chronic wounds, surgical correction may be preferred or required to expedite heal-
ing and/or address the underlying biomechanical fault.

The fundamentals of patient care apply to forefoot operations including a thor-
ough medical and wound history, a physical examine with a focus on the lower
extremity, and an understanding of the patient’s expectations for recovery
(Table 6.1). The medical history will provide important information as to the heal-
ing capacity of the patient including any confounding conditions such as metabolic
disorders, diabetes mellitus, renal disease, and cardiac disease. These preexisting
conditions will influence procedure selection by limiting the kind of procedure
selected based on the patient’s capacity to heal and the course of their underlying
diseases. A wound is often associated with these underlying conditions, and it
should be thought of as one of the manifestations of the underlying disease. For
example, a patient with diabetes mellitus may also have peripheral neuropathy and
peripheral vascular disease. In this environment, an acute wound can progress to a
chronic nonhealing ulcer. Underlying medical problems are important determinants
in surgical selection which will be discussed in greater detail in the following
paragraphs.

The patient’s expectations should also be carefully considered. The patient is
typically concerned about esthetic and functional outcomes of surgery. The surgeon
should focus the discussion on achieving realistic functional goals. It is important to
manage these expectations by having a frank discussion with the patient that biome-
chanical surgical correction of the forefoot is necessary to heal the ulcer or to pre-
vent one from occurring. The patient may not understand the relationship between
the ulcer and the planned biomechanical surgical procedure or understand the
nuances of the deformity and the probability of ulcer occurrence. Thus, more time
should be spent describing the pathological processes rather than the technical
aspects of the surgical technique. Postoperative recovery time including the time
needed for nonweight bearing and limited weight bearing should be clearly
described. The likelihood of postoperative complications including infection and
dehiscence, which occur at higher rates in the compromised population, should also
be discussed [3]. Further, the fact that the long-term outcomes of biomechanical
surgery are not always predictable and that additional surgeries may be required
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Table 6.1 Critical preoperative planning

87

Considerations

Comments

Medical history

Comorbidities and
medications can contribute
to the development and/or
chronicity of a wound

Regardless of the treatment rendered, the
wound may not heal if the underlying
systemic disease is not addressed. An example
of this is a patient with an autoimmune
disease such as rheumatoid arthritis. In this
case both the disease itself as well as
medications used for its treatment may inhibit
or delay postoperative healing.
Communication with a rheumatologist to
align good disease management with the
surgical plan is critical

Wound history Important questions need The lack of wound healing progress should
to be answered including trigger a deeper examination. Perhaps there is
why did the wound start, an infection or biofilm. Is there adequate
when did it start, what perfusion to the wound site? Are
treatments have already biomechanics the key contributor? Is there a
been employed? combination of factors that need to be
Includes wound trajectory | addressed? Most often a combination of
(through wound size and factors lead to wound chronicity
quality documentation) to
determine whether healing
can occur without surgical
intervention

Physical A thorough vascular, This examination should be performed with

examination neurological, each visit and at the time of surgery. These

dermatological, and
musculoskeletal exam with
a focus on identifying
biomechanical
abnormalities is required
The apex of the deformity
must be identified and
addressed

aspects may change over time, especially with
changes in underlying medical conditions and
medications

Patient’s goals
and expectations

A quick surgical recovery
and return to daily
activities

Maintain or improve the
appearance of their foot.
Maintain or improve their
quality of life

A frank discussion is needed regarding what
the surgery involves and the recovery time
needed including periods of nonweight
bearing and partial weight bearing

The patient may have unrealistic expectations
for the outcomes of surgery. Function should
be the focus of the discussion with a clear
description of the appearance of the foot after
healing has occurred

Despite good surgical planning and strict
adherence to the treatment course, the
outcome is not always predictable

The patient should understand that there may
be a need for accommodative devices
including custom-molded inserts, braces, and
shoes after healing has occurred

(continued)
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Table 6.1 (continued)

Considerations Comments
Surgeon’s goals | The goal of surgical Surgical intervention may not a be a one-time
and expectations | intervention is to maintain | event. A staged approach may be necessary
or improve function and revision surgery may be required in the
future

Complications can occur, especially with
patients with underlying comorbidities. These
should be expected and addressed promptly

should be carefully explained to the patient. This is because surgical procedures are
inexact in correcting the underlying biomechanical fault, and the physiology and the
functional demands of the patient change over time. The patient may require life-
long use of a modified shoe, custom-molded insert, ankle-foot orthoses, brace and
the use of assistive devices (cane, crutches, walker, wheelchair). The management
of the patient’s expectations is as important as the surgical procedure itself.

Anatomy and Biomechanics

A critical piece of a focused lower extremity physical examination includes the
assessment for perfusion. The ulcer may be the result of compromised perfusion
due to an underlying disease process or loss of local vasculature. Hence, under-
standing the etiology is important. Further, the degree of perfusion may dictate the
surgical procedure selected and the ultimate outcome. The foot is fed by three large
arteries: anterior tibial (AT), posterior tibial (PT), and peroneal. All three arteries
feed different angiosomes of the forefoot. An angiosome is a block of tissue fed by
a named source artery [4]. The AT artery becomes the dorsalis pedis (DP) artery as
it crosses the ankle and have multiple distal branches and feeds the dorsal aspect of
the forefoot. The PT artery has two main branches, medial and lateral, which feeds
the plantar forefoot. The DP and PT have arterial to arterial connections in the fore-
foot that is primarily located at the proximal interspaces of the metatarsals. This
redundant blood supply in the forefoot is an important anatomical consideration if
one of the main arteries are compromised. The peroneal artery feeds the lateral
aspect of the forefoot.

The palpation of the main arteries is the critical first level of assessment for per-
fusion. These arteries should be further assessed utilizing an audible handheld
Doppler. Peripheral arterial disease can progress from a triphasic to biphasic to
monophasic and finally to no signal. More advanced noninvasive modalities includ-
ing ankle-brachial index/toe-brachial index, transcutaneous oximetry, skin perfu-
sion pressures, and noninvasive angiography should be considered if there is any
suspicion of compromise [5]. Contrast angiography may be necessary to determine
the degree of vascular compromise, for the purposes of intervention, or for surgical
planning for open bypass. It is important when contrast angiography is utilized that
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the forefoot is also imaged in multiple planes. Ultimately, perfusion must be ade-
quate enough to heal soft tissue and/or bone. Thus, identifying the level of perfusion
as well as maximizing perfusion to the affected area is critically important in surgi-
cal planning of the forefoot.

The musculoskeletal anatomy of the foot is directly related to function (Table 6.2).
The forefoot is defined as the anatomical structures distal to the metatarsal cunei-
form joint (Lisfranc’s joint). The toes consist of small long bones with articulations.
The hallux has one interphalangeal joint, while toes 2—5 typically have 2 interpha-
langeal joints. The toes articulate with its corresponding metatarsals 1-5. Although
sesamoids can occur anywhere in the foot, the tibial and fibular sesamoids under the
first metatarsal head are consistently present and are responsible for changing the
axis to enhance the mechanical advantage of flexor hallucis longus. The 1st metatar-
sal articulates with the medial cuneiform, the 2nd metatarsal with the middle cunei-
form, the 3rd metatarsal with the lateral cuneiform, and the 4th and 5th metatarsal
with the cuboid. Extrinsic (those that originate from the lower leg) and intrinsic
(those that originate within the foot) muscles attach through tendons to the distal
foot. The opposing muscles of flexors/extensors, invertors/evertors, and adductors/
abductors work in concert to align the foot dynamically during ambulation for effi-
cient shock absorption and propulsion. The skeletal architecture is bound by cap-
sules and ligaments to provide structural rigidity while allowing a small degree of
flexibility. Each joint has a unique articular configuration with an axis of rotation.
Veins and lymphatics are also important in the foot with the importance of the arte-
rial network discussed above.

The soft tissue envelope of the foot is specially designed to be durable. The skin
on the dorsal aspect of the foot is different than the plantar aspect of the foot. The
glabrous junction delineates the plantar and dorsal skin. The plantar skin consists of
a thicker dermis with a more robust subcutaneous layer which envelops the foot in
a moccasin distribution allowing for protection anteriorly/posteriorly and medially/
laterally to a small degree. The epidermis and dermis of the plantar foot resist pen-
etration, while the subcutaneous layer disperses shock [6].

The foot can be segmentally divided into sagittal plane columns which function
as discrete collective units. The medial column includes the hallux, 1st metatarsal,
and cuneiform, the central column consists of metatarsals 2 and 3 and their corre-
sponding middle and lateral cuneiforms, and the lateral column includes the meta-
tarsals 4 and 5 and the cuboid. This columnar division is both anatomical and
functional. The medial and lateral columns are considered to have a greater degree
of motion in the sagittal and frontal plane than the central column which has rela-
tively less available excursion. This distinction becomes important for surgical pro-
cedure selection which will be further discussed in the following paragraphs. The
anatomical relationship of the columns can be seen globally in the foot type. Pes
planus refers (colloquially described as “flatfeet”) to a foot type with a depressed or
collapsed medial column, to a lesser degree the lateral column, which can be rigid
or nonrigid and may have a valgus (everted) frontal plane rotation. The pes cavus
foot type (colloquially described as “high-arched feet”) refers to when the medial
column, to a lesser degree the lateral column, is elevated which is generally rigid
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Table 6.2 Musculoskeletal anatomy and function

P.J. Kim

Anatomy Function
Phalanges Long bones with two interphalangeal Primarily a sagittal plane range of
(digits) joints with the exception of the hallux motion
which has one interphalangeal joint The digits are important for
Contains both intrinsic and extrinsic balance and as well serving as a
muscle tendon insertions lever arm during propulsion
The hallux is a critical digit for
forefoot function
Metatarsals Long bones that articulate with the digits | Primarily a sagittal plane range of
distally and the cuneiforms or cuboid motion with the 1st and 5th
proximally metatarsal with a smaller degree
The tibial and fibular sesamoid is located | of frontal plane range of motion
under the first metatarsal head. Other Significant forces are imparted
accessory bones can be present in other through the metatarsals during the
locations throughout the foot weight-bearing portion of the gait
The intrinsic muscle tendon insertions cycle
are located about the metatarsal heads This includes during the
around the metatarsal phalangeal joint midstance phase of gait and
complexes. Direct extrinsic muscle especially during propulsion
tendon insertions to the 1st and Sth Pressure is isolated across the
metatarsal bases metatarsal heads (and to a lesser
degree the digits) with heal lift
The parabola of the metatarsals
provides even pressure
distribution
Cuneiforms Three wedge-shaped bones that articulate | The relative range of motion of
with its corresponding metatarsals. the cuneiforms are limited
Medial cuneiform with the 1st metatarsal, | Provides stability of the forefoot
the middle cuneiform with the 2nd on the midfoot especially during
metatarsal, and the lateral cuneiform with | propulsion
the 3rd metatarsal Maintains the integrity of the
Multiple ligamentous attachments exist medial column
across the Lisfranc’s joint as well as
direct tendon insertions from the anterior
and posterior tibial muscles
Cuboid A cube-shaped bone that articulates with | Similar in function to the

the 4th and 5th metatarsals

Has no direct tendon insertions; however,
the peroneus longus traverses in a groove
on the plantar aspect

cuneiforms with less range of
motion

Maintains the integrity of the
lateral column

Medial column

Includes the hallux, 1st metatarsal and
medial cuneiform

Functional units that work
collectively for maintenance of
the medial arch during weight
bearing, shock absorption during
midstance, and stability during
propulsion

Has the greatest degree of axis of
rotation as compared with the
other columns

(continued)



6 Forefoot Operations 91

Table 6.2 (continued)

Anatomy Function
Central Includes the 2nd and 3rd toes, 2nd and Functional units that work
column 3rd metatarsals, and middle and lateral collectively for maintenance of
cuneiforms stability with weight bearing

Has the most limited degree of
axis of rotation as compared with
the other columns

Lateral ray Includes the 4th and 5th toes, 4th and 5th | Functional units that work
column metatarsals, and the cuboid collectively for maintenance of
the lateral arch during weight
bearing, shock absorption during
midstance, and stability during
propulsion

Has the 2nd greatest degree of
axis of rotation as compared with
the other columns

and may have a varus (inverted) frontal plane rotation. Further segmentation of the
columns is called rays which include the digit with its adjoining metatarsals. Beyond
the sagittal plane columns, the foot can be further segmented into frontal plane seg-
ments: forefoot, midfoot, and hindfoot. For the purposes of this chapter, the forefoot
has already been defined. However, it is important to recognize that the forefoot,
midfoot, and hindfoot are functionally interdependent. Thus, the forefoot should not
be viewed in insolation; the foot should be examined globally with the knowledge
that the surgical correction will affect all segments of the foot.

The anatomy of the forefoot reflects the biomechanical requirements for efficient
ambulation. This includes the ability to stand and balance in a stationary position
and propel the body forward during ambulation. The foot is best described as both
a flexible adaptor and a rigid lever which reflect the demands during the gait cycle.
There are two phases of the gait cycle, swing and stance. The swing phase involves
advancing one of the lower extremities forward through the air with each step, while
the contralateral limb is in a fixed, stationary position. The extensor muscles below
the knee contract to clear the forefoot from the ground by dorsiflexing the toes at the
metatarsophalangeal joint and the foot at the ankle joint. The stance phase of the
gait cycle begins with heel strike during which the heel impacts the ground.
Midstance occurs when the entirety of the foot is in contact with the ground, and
during this period the foot functions as shock absorber. Heel lift ends the stance
phase of gait and begins the propulsive phase with active plantarflexion of the toes
at the metatarsophalangeal joint and the contraction of the extrinsic and intrinsic
plantarflexory muscles against the ground. The foot functions as a rigid lever for
propulsion. During this period, the pressure is distributed focally across the balls of
the foot (across the metatarsal heads) and to a lesser degree the toes with the heel off
the surface of the ground. The body is propelled forward, and the gait cycle repeats
itself. The physical examination should include evaluation of the lower extremity
and any associated pathologies while standing and walking (Table 6.3).
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Table 6.3 Deformity and examination
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Deformity Description Examination Wound location
Pes planus Collapse of the Can be either rigid or In the rigid condition
medial arch nonrigid with range of under the medial

motion of the medial column | column and lateral
Can affect the relative columns
position and range of motion | Other wound locations
of the bones in the forefoot related to the other
causing other structural pathologies list in this
conditions included in this table
table

Pes cavus Raised medial arch Generally rigid with limited | Can cause increase

range of motion at the
midfoot

Can affect the relative
position and range of motion
of the bones in the forefoot
causing other structural
conditions included in this
table

pressure across the
plantar aspect of the
metatarsal heads
causing wound
development and/or
chronicity in these
locations

Wounds can occur on
the dorsal aspect of the
midfoot as well due to
rubbing in shoes

Hammer toes

Flexion contracture
of the digit at
interphalangeal
joint(s)

Manual range of motion
should be conducted to
assess the degree of
reducibility at the
interphalangeal joints
Can cause retrograde
buckling at the
metatarsophalangeal joint

Digital ulcers at the
distal tip is a common
location

Dorsal interphalangeal
joint ulcers can occur
from rubbing in shoes
Sub-metatarsal head
ulcers can occur due to
the retrograde buckling

Hallux Abduction of the 1st metatarsal phalangeal Medial aspect of the
abducto hallux and medial joint deviation or subluxation | 1st metatarsal head
valgus deviation of the 1st causes limitation of range of | Plantar medial aspect
(bunion) metatarsal motion at this joint of the hallux
Limited to no reducibility of | interphalangeal joint
the medial deviation and Sub-2nd metatarsal
dorsal excursion of the 1st head due to pressure
metatarsal transference
Tailor’s Lateral deviation of | The dorsolateral eminence is | Lateral aspect of the
bunion the Sth metatarsal obvious and is easily 5th metatarsal head

typically associated
with a abductovarus
rotated 5th digit

palpable due to the relatively
thin soft tissue coverage in
this area

Lateral aspect of the
5th toe if the digit is
rotated

Sub-4th metatarsal
head due to pressure
transference

(continued)
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Deformity Description Examination Wound location

Hallux rigidus | Degenerative Limitation or absence of Sub-1st metatarsal head
process of the Ist dorsiflexion with crepitus Plantar aspect of the
metatarsal with range of motion hallux interphalangeal
phalangeal joint Palpable dorsal or joint

dorsomedial bone spurs
Parabola Irregular length of The physical examination Distal toes
asymmetry digits, metatarsals or | may not reveal this Sub-metatarsal heads

rays/columns

condition. Plain film
radiographs are typically
needed to evaluate for
relative bone or segment
length differences

A short segment can
cause adjacent segment
wounds

A long segment
typically causes

wounds directly along
this segment

Forces are experienced by the foot with weight bearing and ambulation. In the
case of wound caused by an acute trauma in an otherwise healthy patient, it may not
be as important to consider the forces experienced in the foot. In the compromised
patient, repetitive minor trauma may lead to the development and chronicity of
ulcers. Thus, deleterious forces must be analyzed and addressed. These forces are
experienced between the foot and the shoe or the foot and the ground. This is clas-
sically seen in the diabetic patient with peripheral neuropathy. In the insensate foot,
the normal mechanism of protecting or offloading the traumatized area in response
to noxious stimuli is limited or absent. Therefore, repetitive trauma to the skin goes
unrecognized by the patient. This is especially dangerous in the environment of
ischemia in the compromised host [7].

Prolonged, excessive, or repetitive forces can cause skin breakdown. There are
two important types of forces encountered in the foot. The sagittal plane and shear
force. The sagittal plane force is a downward force of the foot to the surface of the
shoe or ground. These sagittal plane forces in the foot are referred to as peak plantar
pressures which can be measured with an off-the-shelf device [8]. A focal callous is
often the precursor to ulceration [9]. The callous is part of the reparative process of
the skin and is formed in response to repetitive sagittal plan forces. Shear forces are
experienced in the transverse and/or frontal plane between the underlying bone and
the skin envelop and/or the skin and the surface of the shoe or ground. This is a force
experienced in a side-to-side, front-to-back, or rotational direction [10]. Their forces
are more difficult to measure, and there is no commercially available platform for
its detection. The classic physical sign of a shear force is the formation of a blister
where the epidermis is separated from the dermis. A broad callous can also signify
abnormal shear forces. Sagittal and shear forces manifest in a characteristic ulcer
shape. The sagittal plane-induced ulcer is typically symmetrical and circular in
shape (e.g., 2 x 2cm). Shear force ulcers are typically asymmetrical and oval in
shape (e.g., 2 x 3cm). The forefoot experiences these forces when weight bearing
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and during ambulation. Once the predominant deforming force is identified, the
most appropriate surgical procedure can be selected to address it.

Operative Preparation

The success or failure of an operation is less dependent on the technical aspects of
the procedure itself but more on the perioperative preparation. The perioperative
preparation has several aspects including appropriate patient selection, the physical
examination of the deformity, relevant laboratory and imaging, and intraoperative
considerations. All of these variables should be carefully considered prior to per-
forming the procedure.

The patient’s expectations are important, but it is also the responsibility of the
surgeon to identify potential challenges to a successful outcome. In other words,
procedure selection should be based on what is the best fit for the patient. This
includes the rehabilitation capacity of the patient and adherence to the postoperative
plan. Rehabilitation potential is based on factors including age, body mass index
(BMI), muscle strength, comorbidities, home environment, and socioeconomic fac-
tors. Some patients have a decreased capacity to heal or on medications that delay
healing (e.g., long-term steroid use, or other disease modifying medications). The
patient may also have a high BMI which may cause difficulties in offloading.

Medical optimization includes nutrition optimization, blood glucose control,
short-term reversal of anticoagulation, and stabilization of chronic disease pro-
cesses (e.g., cardiac function). Thus, coordination with the patient’s primary care
provider is important beyond that of obtaining a medical clearance for surgery. All
operations have inherent risk due to anesthesia even though most forefoot surgeries
are not lengthy and can be conducted with monitored anesthesia care with local
anesthetic blocks. Further, if the underlying etiology of the wound is a consequence
of an underlying medical condition, and this condition is not addressed, the surgical
procedure will fail. For example, if a rheumatoid patient has a digital ulcer and is
not medically managed, the incision will not heal, or the procedure may succeed in
the short term but may not be a durable correction. Friend and family support
dynamics and their willingness to assist the patient in recovery are also important.
A less appreciated but perhaps a significant factor includes the patient’s socioeco-
nomic status. For example, the patient’s insurance coverage and access/transport for
the follow-up clinic visits and to physical therapy may impact the surgical
outcome.

Beyond the vascular assessment discussed in the previous section, the reducibil-
ity of the deformity will dictate procedure selection [11]. The reducibility of the
deformity is related to the anatomical and biomechanical aspects discussed above.
The concept of reducibility (flexibility) is dependent on whether the deformity can
be realigned (reduced) into a biomechanical neutral (rectus) position that decreases
the deforming force(s). A nonreducible deformity is one that is rigid and cannot be
manually manipulated into a rectus position. There is a spectrum of reducibility so
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Fig. 6.1 (a) A dorsal view of the forefoot. There is deviation of the hallux and contractures of the
toes. Note the erythema over the dorsal aspect of the proximal interphalangeal joint of the 4th toe
due to rubbing in the shoe. (b) A plantar view of the same patient. Note the retrograde buckling at
the metatarsophalangeal joint caused by the digital contractures causing an increased pressure
across the balls of the foot

it is not absolutely in one state or another. The physical examination includes the
assessment of the range of motion of the joints of the foot which will assist in deter-
mining the reducibility of the deformity (Fig. 6.1). For example, if a patient has a
medial deviation of the first metatarsal (e.g., hallux abducto valgus deformity) and
it cannot be laterally displaced with manual manipulation, then this deformity is
considered fixed or rigid.

The general approach for procedure selection based on the concept of reducibil-
ity is the that a reducible deformity can be addressed using soft tissue correction,
whereas a nonreducible deformity requires osseous correction (Fig. 6.2). The excep-
tion is when there is gross joint instability wherein an osseous correction is indi-
cated. A deformity may require a combination of soft tissue and osseous correction
because the deformity may contain both reducible and nonreducible components.
However, a nonreducible deformity can rarely be surgically corrected with a soft
tissue correction alone. Further, the apex of the reducibility or nonreducibility
should be identified and should be the target of the correction. There may be mul-
tiple apices of the deformity which requires a sequential reduction of the deformity
at each of these locations. The physical examination should include viewing the
unshod patient while standing and walking which may accentuate the deformity. In
other words, the deformity may be uncovered under these conditions. For example,
on the examination table, the medial arch may be high, but with weight bearing, the
medial arch may collapse which would indicate a reducible deformity. This is
important to procedure selection.

Imaging is also helpful for surgical planning to determine the degree of reduc-
ibility, anatomical relationships around the deformity, and detect the presence of
infection or other pathological processes. Plain film radiographs should be taken as
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| Is the Deformity Reducible? |

YES , . NO
Semireducible
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Inadequate Perfusion

Amputation

Digital
Ray
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Fig. 6.2 A simple algorithm for procedure selection in the forefoot based on a biomechanical
exam focused on the reducibility of a deformity

the initial imaging modality with advanced imaging as necessary. The plain films
should be preferably weight bearing, three views (anterior-posterior, oblique, lat-
eral), which includes the entirety of the foot. Other plain films include three views
of the ankle and coned-down forefoot views as necessary. Anatomical variations can
be readily identified including differences in metatarsal length and joint morphol-
ogy. Pathological processes identified by the plain films including joint degenera-
tion and infection which will also guide the surgical plan. Of note, joint degeneration
is often related to a nonreducible deformity which again will assist in understanding
the deformity and in the most appropriate procedure selection.

There are unique intraoperative considerations due to the anatomical location
of the forefoot. Local anesthetic blocks are very effective in the foot for intraop-
erative and postoperative pain control and will speed postoperative recovery [12].
An ankle block involves anesthetizing the posterior tibial, anterior tibial, and
peroneal nerves as they cross the ankle. In the case of the forefoot, a more distal
block may be all that is required. For example, an isolated digital block may be all
that is needed thereby limiting the region of anesthesia. It is important to coordi-
nate the sedation that is provided by the anesthesiologist with the administration
of the local anesthetic. The choice of local anesthetics includes Lidocaine and
Marcaine. The author recommends the use of 0.5% Marcaine plain due to its tol-
erability and longer duration of activity although there is delay in onset of activity
for 1015 min. The use of epinephrine is not needed for hemostasis in forefoot
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surgeries and can be a complicating factor for the vascularly compromised patient.
Preoperative and postoperative antibiotics in the compromised host should be
conducted routinely; the presence of wound in the non-compromised host is in
itself an indication for antibiotics especially if internal fixation is used. An ankle
tourniquet set at 250 mmHg for no greater than 1.5-2 contiguous hours is safe and
useful for efficiency but is not absolutely necessary [13]. For the vascularly com-
promised patient, the use of a tourniquet can compromise the ability to visualize
the degree of local perfusion. Further, depending on the kind of anesthesia used,
the patient may not be able to tolerate inflation of an ankle tourniquet. In the case
where an ankle tourniquet is used, it may be necessary to communicate with the
anesthesiologist that a deeper level of sedation is needed. It is recommended that
the tourniquet be deflated prior to incision closure to obtain hemostasis to prevent
hematoma formation. Other specialized equipment for forefoot surgery includes
mini or small bone fragment fixation trays and sagittal saw with smaller blades
(101 or smaller). Pulsatile or nonpulsatile irrigation prior to closure utilizing anti-
biotic or surfactant impregnated or unimpregnated solution prior to closing the
soft tissue is recommended. Closed suction drains may be helpful to be prevent
hematomas and seromas particularly after partial foot amputations. Drains are not
typically necessary for any other types of forefoot procedures. Deep venous
thrombosis prophylaxis should also be considered due to potentially prolonged
immobilization after forefoot surgery.

Surgical Procedures

General surgical principles apply to forefoot surgery. This includes gentle tissue
handling and meticulous dissection. Wound bed preparation is especially important
in the presence of a chronic ulcer. This includes infection/biofilm eradication, maxi-
mization of perfusion, and local edema control. Excisional debridement of the
wound should be conducted to remove nonviable and senescent tissue [14]. In the
presence of active infection, a staged surgical approach through initial decompres-
sion, serial debridements, followed by the definitive procedure is recommended.
This is especially important if the surgical plan includes the use of internal fixation
because any remaining infection can proliferate in the presence of internal hard-
ware. It is reasonable to make an incision through the wound in order to perform
surgical procedures in the forefoot. If it is not clear whether or not the wound is free
of infection/biofilm, a separate incision should be made at a different location.
Ideally the wound is excised in its entirety allowing for removal of nonviable tissue,
infection/biofilm, and for direct access to the surgical site.

Fixation of bone can include internal and external constructs. The general prin-
ciples of bone fixation apply including maintaining as much of the periosteum as
possible, adequate preparation of opposing bone surfaces, and stabilization. The use
of internal fixation utilizing wires, screws, and plates are used in the forefoot.
External fixation utilizing a mini-rail that spans the bone segments with pins that
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percutaneously penetrate the skin is sometimes necessary if internal fixation is not
desired.

The goal of biomechanical surgery is to reduce the deformity to a neutral posi-
tion where forces are more evenly distributed. In this way, the wound heals, remains
healed in the long term, and prevents the development of new wounds in other loca-
tions. Often a combination of procedures that include soft tissue, tendon, osseous,
and amputations are performed in concert to address the wound and the underlying
deformity. A detailed technical description of each of the procedures is out of the
scope of this chapter. The focus of the remaining sections will be on the important
principles and rationale for the more commonly performed procedures.

Soft Tissue Plastic reconstructive principles apply to the forefoot including primary
closure and the use of grafts. Healing through secondary intention after operative
excisional debridement is possible with or without the use of an adjunctive negative
pressure wound therapy device. Primary closure or coverage of the wound is often
the preferred method. Primary closure should be conducted under little to no tension
across the incision line. Local tissue advancement flaps including bilobed, V to Y,
and transpositional techniques can be used to close wounds by utilizing the sur-
rounding tissue.

Grafts can be autologous, allografts, or animal-derived tissue which can be used
to terminal epithelialization. Autologous grafts should be the considered as the first
option in most cases. The split-thickness skin graft (STSG) can be harvested from
the thigh, calf, or medial arch. STSG should be pie crusted to allow for evacuation
of fluid to prevent a hematoma or seroma. Fenestration utilizing a mesher is usually
not necessary for the forefoot because the wounds are generally smaller so there is
not a need for STSG expansion to increase its surface area. STSG can be applied to
the plantar surface of the forefoot, but dressings and offloading devices should be
used to attempt to eliminate shearing of the graft from the surface of the recipient
site. A STSG can be applied to deeper wounds with exposed muscle and tendon.
However, with contraction of the muscle, the STSG may shear off. Typically, a der-
mis is necessary to cover deeper exposed tissue prior to the application of a STSG. A
choice of human cadaver allograft or animal-derived tissue containing a collagen
matrix can be used to build a neodermis. If either are utilized, the application of the
STSG should be conducted after the production of a vascularized neodermis which
typically takes between 3 and 4 weeks. Other bioengineered alternative tissues are
available for surgical use [15]. This includes a variety of processed tissues (e.g.,
intestinal submucosa, pericardium, tendon, cartilage) harvested from mammals and
fish. Further, human fetal foreskin, amniotic tissue, amniotic/placental tissue, and
cultured cells containing growth factors and mesenchymal stem cells have been
described [16]. Their clinical effectiveness has not been fully elucidated and have
been used almost exclusively in the clinic setting. Free tissue transfers are also a
viable option in the forefoot for larger defect coverage and will be discussed in
another chapter.

Tendon Procedures Tendon surgery is broadly categorized into tenotomies, length-
enings, and transfers (Table 6.4). Certainly, soft tissue deformity includes ligament
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Table 6.4 Tendon procedures

Indication example Procedure Comment

Digital contractures Tenotomies Complete transection of the tendon
through percutaneous or open
technique

Digital contracture with Tendon lengthening Typically, the tendon is lengthened

retrograde buckling at the by hemisectioning at two locations,

metatarsophalangeal joint one distal and one proximal, along

contracture the tendon substance in opposite

directions with a midline incision
connecting the medial and lateral
incision. This creates the Z
configuration

Hallux contracture with Tendon transfer (e.g., | The extensor hallucis longus is
associated retrograde buckling | Jones tenosuspension) | detached at its insertion and rerouted
and plantarflexion of the 1st through the neck of the 1st
metatarsal head metatarsal and anastomosed onto

itself. This tendon essentially
functions as a sling by elevating the
distal aspect of the 1st metatarsal

and capsular contractures caused by its adaptation to its deformed position. These
can be addressed through incisions through the capsule and/or ligaments thereby
releasing the contractures during the surgical procedure. As discussed in the previ-
ous section, the effectiveness of tendon procedures is predicated on a reducible
deformity. A contracted joint can be caused by a biomechanical imbalance of the
opposing muscle groups. Thus, diminishing the deforming force through tendon
surgery can reduce this imbalance [17]. The physical exam of the forefoot can reveal
a taut or bowstrung tendon which is more obvious for the extensor tendons versus
the flexor tendons due to the relative thin soft tissue coverage dorsally. The outcome
of these procedures cannot be readily predicted on the operating room table. There
is a misconception that an increase in the range of motion on the operating room
table signifies success. However, since these procedures address the dynamic imbal-
ance, the ultimate outcome is observed during weight bearing during ambulation. A
healed wound without recurrence or relocation is the definitive indicator that the
procedure was correctly chosen.

A tenotomy is a procedure that completely transects the tendon. This technique
is used frequently and effectively for reducible flexion contraction deformities of
the toes (e.g., claw toes, hammer toes) [18]. These deformities result in digital tip
ulcers and/or ulcers on the dorsal aspect of the interphalangeal joints. Traditionally,
a small blade is introduced into the plantar IPJ crease percutaneously or through a
small open incision, and the flexor digitorum longus and brevis are transected.

Tendon lengthening typically involves hemisectioning the tendon in a more con-
trolled fashion. This procedure can be performed percutaneously or open. The typi-
cal incision into the tendon is conducted in a frontal or sagittal plane Z orientation
(Fig. 6.3, Video 6.1). The tendon can be anastomosed side-to-side or end-to-end in
the new elongated position. A commonly conducted example of this type of



100 P.J. Kim

Fig. 6.3 An intraoperative
photograph of a tibialis
anterior tendon lengthening
open sagittal plane Z
lengthening. The proximal
and distal incisions have
already been conducted.
The photograph depicts the
midline central incision
being conducted. This
procedure was performed
for a patient with plantar
Sth metatarsal head ulcer
caused by a reducible varus
loading on the lateral
column

procedure is the Achilles tendon lengthening (TAL). The TAL can be conducted
percutaneously or in an open fashion along the distal 1/3 of the Achilles tendon.
This procedure is performed to heal plantar forefoot ulcers by decreasing the plan-
tarflexory force of the posterior leg muscle group [19]. This technique utilizes a
triple hemisectioning approach commonly performed percutaneously through three
incisions into the tendon alternating from midline lateral-medial-lateral.

The tendon transfer involves rerouting a tendon from one location to another.
This procedure involves detaching part or all of a tendon from its insertion and relo-
cating and reattaching via anchor or screw (with or without a washer) to the surface
of another bone. Alternatively, if the tendon is long enough, the tendon can be
rerouted through the bone and anastomosed onto itself. The concept is to decrease
the deforming force in one location and augment the opposing force. An example of
this kind of procedure is the Jones tenosuspension [20]. This procedure is used
when retrograde buckling of the hallux occurs, and there is an increase in the pres-
sure under the Ist metatarsal head causing ulcer formation or chronicity. In this
case, the extensor hallucis longus tendon is one of the major causes of this buckling.
This tendon is transected near its insertion and rerouted through the 1st metatarsal
neck and anastomosed to itself. This tendon now functions as a sling and elevates
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the first ray as well as eliminating the retrograde buckling of the hallux. The inter-
phalangeal joint is fused at the same time to prevent hallux claw toe contracture.

Osseous Procedures Osseous procedures involve the removal or realignment of
bone or fusion of joints (arthrodesis) (Table 6.5). Any one of these procedures or the
combination of these procedures can be conducted for the same surgical case. Thus,
the selection of the most appropriate procedure depends on other factors as dis-
cussed in the previous paragraphs. Osseous procedures are typically performed for
nonreducible (rigid) deformities or for joint instability in the case of fusion of joints.
The use of plain film radiographs and/or advanced imaging is helpful for these pro-
cedures to determine osseous relationships for surgical planning. A radiopaque
marker placed at the wound site allows for visualization of the wound in relation to
the underlying bony structures. Abnormal angular relationships between osseous
structures in the forefoot can be identified and templated for correction utilizing
plain film radiographs or computerized tomography (CT). The degree of technical
complexity advances from exostectomies, arthroplasties, and osteotomies to
arthrodesis.

Bone resection procedures include exostectomies and arthroplasties. An exostec-
tomy is utilized to remove a bony prominence which can be located plantarly, dor-
sally, medially, or laterally. A plantarly located bony prominence is particularly
problematic causing the development of a wound or contribute to the chronicity of
the wound. Although this procedure is simple in concept and execution, if there is
continued underlying instability of the bone segment or joint, the ulcer will recur
with weight bearing. An example is a collapse of the medial column at the 1st meta-
tarsal cuneiform joint causing a plantar ulcer. An exostectomy can be performed to
remove the prominence. However, if the joint is unstable there will be further col-
lapse with weight bearing causing the area to become prominent again thereby lead-
ing to ulcer recurrence [21]. An arthroplasty refers to procedures that remove
segment of bone around joints most often including the cartilaginous surface. An
example in the forefoot is resecting the head of the proximal phalanx of a digit for
the correction of a nonreducible hammertoe deformity with an overlying ulcer at the
proximal interphalangeal joint or distal tip of the toe. Percutaneous fixation with a
Kirschner wire can be used to maintain correction until the surrounding soft tissue
adapts to its new position. An isolated metatarsal head resections or multiple meta-
tarsal head resections can be conducted for ulcers on the balls of the feet.

Osteotomies are procedures that involve cutting through and realigning bone.
The bone segment is then fixated in its new position using internal and/or external
hardware. Osteotomies can correct for angular deformities or shorten or lengthen
bone segments. For example, a long 2nd metatarsal creates an abnormal parabola
which can cause a focal area of pressure on the plantar aspect of the foot [22]. The
altered pressure distribution may result in a nonhealing ulcer. Shortening of the
metatarsal by cutting through the metatarsal obliquely and shifting the segment
proximally will reduce the area of increased pressure. Typically, fixation is required
using a wire, screw, or plate.
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Indication

Procedure

Comment

Pes planus

The selected procedure will depend on the degree of
deformity. Midfoot and rearfoot surgery is often needed
for more complex deformities

Exostectomy

Exostectomies are most effective for less complex, stable
(without progressive collapse) deformities of the medial
column

Arthrodesis

Arthrodesis of the 1st metatarsal cuneiform joint can be
performed with angular cuts to reduce the deformity or
through the use of wedge-shaped bone grafts

Pes cavus

Osteotomy

Dorsally based osteotomies of the metatarsals can elevate
the metatarsals. The apex of the deformity has to be
identified which may be in the midfoot and/or rearfoot. In
this case, metatarsal osteotomies would be ineffective

Arthrodesis

Arthrodesis can be performed for more severe deformities
utilizing a dorsally based wedge resection across the
Lisfranc’s joint

Hammer toes

Exostectomy

Exostectomy can be effective for removal of prominent
condyles or bone spurs that may underlie the ulcer

Arthroplasty

Removal of the head of the proximal or middle phalanx
of the toe will allow for reduction of a nonreducible
digital contracture deformity

Arthrodesis

This may include resection of the base of the
corresponding more distal phalanx to perform an
arthrodesis

Hallux abducto
valgus (bunion)

Exostectomy

An exostectomy of the dorsomedial eminence does not
directly address the biomechanical problem. However,
the resection of the bony prominence may be all that is
required to heal the overlying wound

Osteotomy

An osteotomy at the head, shaft, or base of the 1st
metatarsal can be performed to reduce the medial
deviation

Arthrodesis

An arthrodesis with angular osteotomies at the 1st
metatarsal cuneiform can be conducted to reduce the
deformity

Arthroplasty

Arthroplasty (removal) of the head of the 1st metatarsal
(arthroplasty) should be reserved for severe deformities,
the bone infection, complex hosts, or limited functional
demand due to the significant impact this has to the
function of the foot

(continued)
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Indication

Procedure

Comment

Tailor’s bunion

Exostectomy

An exostectomy of the dorsolateral eminence does not
directly address the biomechanical problem. However,
the resection of the bony prominence may be all that is
required to heal the overlying wound

Osteotomy

Similar to the hallux abducto valgus, an osteotomy can be
performed, and distal portion of the osteotomy can be
reduced in the medial corrected position

Arthroplasty

Arthroplasty (removal) of the 5th metatarsal head is less
biomechanically impactful than at the 1st metatarsal but
again should be reserved for more complex deformity,
bone infection, complex hosts, or limited functional
demand

Hallux rigidus

Exostectomy

An exostectomy of the dorsal spur does not directly
address the biomechanical problem. However, the
resection of the bony prominence may be all that is
required to heal the overlying wound

Arthroplasty

Arthroplasty is typically performed at the base of the
hallux to decompress the joint to reduce retrograde
buckling on the 1st metatarsal or to allow for some range
of motion in this nonfunctional joint

Arthrodesis

Arthrodesis creates absolute stability across the
metatarsophalangeal joint. However, without any motion
of this joint, the corrected position may cause ulcer
recurrence or transfer ulcers if not placed in the ideal
position

Parabola
asymmetry

Exostectomy

Exostectomy can be performed to remove the plantar
bony prominence for the digits or metatarsals

Arthroplasty

An arthroplasty (removal) of the head of a long
metatarsal can be effective; however, pressure will be
redistributed to adjacent metatarsal resulting in transfer
ulcers

Osteotomy

An osteotomy is the preferred method to shorten a long
metatarsal by creating an oblique osteotomy at the head/
neck and sliding the capital fragment proximally. This
can be done in a controlled manner to the desired position
with or without fixation

Arthrodesis (fusion) is performed across joint surfaces in cases of joint instabil-
ity or rigid deformities. An underlying wound can occur in both cases. The joint
cartilage is typically resected and prepared for healing across the joint to occur.
Angular corrections can be conducted at the same time by making angular bone cuts
to realign the bone segments in a more neutral position (Fig. 6.4). Internal and/or
external fixation is utilized and provides stability until the joint fuses. Again, the
prior paragraphs example of an ulcer under the first metatarsal cuneiform joint due
to a collapse of the medial column is an illustration where arthrodesis may need to
be performed. A complex case is one that involves Charcot neuroarthropathy (CN)
in the diabetic foot. CN typically involves significant bone fractures and dislocations
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Fig. 6.4 (a) A preoperative weight-bearing anterior-posterior projection plain film radiograph of
a patient with a severe hallux abducto valgus deformity with medial deviation of the 1st metatarsal
causing an ulcer on the medial aspect. (b) A postoperative weight-bearing anterior-posterior pro-
jection plain film radiograph of the same patient. Note the apex of the deformity was at the 1st
metatarsal cuneiform joint. Hence, an arthrodesis was performed with an angular osteotomy to
reduce the deformity

with a potentially high rate of surgical complications [23]. The surgical reconstruc-
tion typically includes realignment and arthrodesis across multiple joint segments.
The medial column is reduced to a neutral position, and an arthrodesis is performed
to maintain the correction. For osseous procedures, the internal fixation is typically
not removed after bone healing unless it becomes an issue such as backing out of a
screw causing skin irritation or causing a wound.

Amputation Procedures Amputation can be functional and is a viable option in
some patients (Table 6.6). Partial digital, digital, partial ray, ray, transmetatarsal
(TMA), and Lisfranc’s amputations are the procedures performed in the forefoot.
Typically, forefoot amputations are performed due to extensive soft tissue loss from
infection and/or ischemia. Amputations reduce functional ability of the foot by
decreasing the efficiency due to a shortened lever arm. Further, a transfer of plantar
pressure occurs which can result in ulcers in other locations. Partial and complete
digital amputations do not significantly impact overall foot function. However, a
shortened or absent toe alters the parabola and transfers more pressure to adjacent
toes and also effects balance. In the diabetic population, a cascade of serial toe
amputations may result [24]. If more than two toes are amputated including the hal-
lux, the remaining toes will deviate and be a nidus of chronic ulcers (Fig. 6.5). Thus,
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Table 6.6 Amputation procedures
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Procedure Description Functional impact
Partial digital At least the base of the Minimal with possible transverse
proximal phalanx remains deviations of adjacent digits due to the
loss of a buttress from the partially
amputated toe. Minimal impact on
function
Digital Disarticulation at the level of | Transverse deviations of adjacent digits
the metatarsophalangeal joint | to be expected. Balance and propulsion
is compromised
Pan digital Disarticulation of all digits at | Can be functional as long as the
the level of the metatarsal parabola is normal
metatarsophalangeal joint
Partial ray Includes the digit and part of | Loss of intrinsic stability since the
the associated metatarsal metatarsophalangeal joint complex is
compromised. Transfer lesions can
occur due to the resultant uneven
pressure distribution
Ray Includes the digit and the Likelihood of transfer ulcers high if not
entirety of the metatarsal appropriately accommodated. Medial
and ray resections can be the most
problematic with the loss of insertion
from extrinsic muscle insertions
Transmetatarsal Includes the digits and distal | Can be highly functional with the use of
metatarsal accommodative inserts and rigid shank
with a rocker-bottom shoe
Lisfranc’s Disarticulation at the Significant impact due to shortened
Lisfranc’s joint lever arm and irregular parabola

a pan digital amputation may be the preferred option rather than leaving isolated
remaining toes.

Partial or complete ray resections are most often conducted in the presence of
osteomyelitis when there is compromise to the structure of the bone. These proce-
dures also create more mobility of the surrounding soft tissue in order to close a
defect primarily. Ray resections significantly alter the pressure distribution on the
plantar aspect of the foot. The forces that are normally dispersed across the five
metatarsal heads, and to a lesser degree, the corresponding digits are altered with
ray resections. The effect is less impactful if one ray, or a central ray, is resected.
Complete ray resections of the 1st and 5th metatarsals are particularly biomechani-
cally impactful due to the insertion of portions of the anterior tibial and posterior
tibial tendons on the 1st metatarsal and the insertion of the peroneus brevis at the
base of the 5th metatarsal. The loss of these insertions results in the overpowering
of the opposing muscle groups. This biomechanical compromise causing significant
alterations in sagittal and shear forces experienced in the foot leading to high ream-
putation rates [25]. If two or more rays are resected, a TMA should be considered
as a more biomechanically stable construct.
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Fig. 6.5 A photograph of
a foot with a prior healed
hallux amputation. Note
the deviation of the 2nd toe
with an ulceration due to
altered biomechanics

Symmetry at the amputation site is important. Specifically, the maintenance of
parabolas is a central concept to successful forefoot amputations. For TMAs, oste-
otomies performed on the 2nd or 3rd metatarsals should be the longest as compared
with the other metatarsals. Further, the osteotomies of the metatarsal should be con-
ducted in an oblique fashion (30°—45°) to the weight-bearing surface to create a
rocker-bottom effect at the distal aspects of the metatarsals. An equinovarus defor-
mity due to the overpowering of the posterior muscle group can occur after a TMA
is performed due to the loss of the opposing long extensor insertions on the toes.
Thus, a TAL or gastrocnemius recession should be conducted as an adjunctive pro-
cedure with the TMA to prevent distal plantar ulcer development. The TMA has
been demonstrated to be a durable amputation with acceptable long-term results
[26]. The plantar skin and underlying adipose tissue should be preserved if possible
and dorsally rotated for durability of the amputation when weight bearing. However,
the rotation of tissue for closure should be based on which artery provides the best
blood supply to the incisional area. A Lisfranc’s amputation is not a preferred pro-
cedure due to the lack of symmetry and loss of anatomical parabola. Further, the
lever arm necessary for propulsion is very short; thus, the Lisfranc’s amputation has
limited functional capacity. This procedure should be reserved for situations in
which a TMA is not an option due to the lack of soft tissue coverage. If a Lisfranc’s
amputation procedure is chosen, an Achilles tenectomy (complete transection)
should be performed to prevent the development of the equinovarus deformity.

Postoperative Care

As with preoperative planning, the immediate and long-term postoperative care is
critical to achieving good outcomes. Immediate postoperative care after forefoot
surgery includes edema control, adequate immobilization, and modification of
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weight bearing. Edema control decreases tension along the incision and reduces the
likelihood of hematoma/seroma formation. The patient should be instructed to ele-
vate the lower extremity above the level of the heart for the first 2-3 weeks postop-
eratively for the majority of the time. Compression dressings will assist in edema
control when the lower extremity is in a dependent position which is applied in the
operating room and can be reapplied at every dressing change. Immobilization of
the extremity after forefoot surgery includes the use of a surgical shoe, surgical
boot, splint, or cast. Specially designed surgical shoes and boots are available with
multidensity inserts and a rocker bottom for ischemic or neuropathic patients. The
degree of immobilization needed will dictate which type of immobilization device
is selected. The purpose of immobilization is to protect the surgical site from trauma
and to limit the range of motion surrounding the surgical site. If the surgery is lim-
ited to the digits, then a surgical shoe may be adequate. If an osteotomy is per-
formed, or a more proximal amputation is performed in a compromised host, then a
greater degree of immobilization is needed utilizing a surgical boot or cast. A pos-
terior splint is an option that immobilizes and allows for easy access to the surgical
site if necessary. However, a posterior splint is a less rigid construct as compared
with a surgical boot or cast and should not be used for weight bearing.

Immediate postoperative weight-bearing status is very important. Full, unlimited
weight bearing should be discouraged in all cases. Limited weight bearing is per-
missible for (1) digital surgery; (2) small soft tissue defect coverage or closure; (3)
distal tenotomies, lengthenings, and transfers; (4) metatarsal osteotomies with lim-
ited need for fixation; and (5) digital amputations. Nonweight bearing on the surgi-
cal extremity is preferred for the following conditions:(1) plantar incisions, (2) large
soft tissue defect coverage or closure, (3) more proximal tenotomies, lengthenings,
and transfers, (4) tenuous fixation, and (5) partial ray, ray, TMA, or Lisfranc’s
amputations. Nonweight bearing is difficult even with the use of assistive devices
such as crutches or a walker. The patient’s upper body strength and balance will
dictate whether a wheelchair is a preferred method. For forefoot surgery, heel weight
bearing for transfers is acceptable. However, during ambulation, heel weight bear-
ing is not realistic because the weight will shift forward on the foot during propul-
sion regardless of how compliant the patient. The author is not in favor of the use of
forefoot offloading wedge surgical shoes because it is difficult for the patient to
maintain balance on only the heel and tend to slap the forefoot onto the ground with
each step. The duration of limited to nonweight bearing is dictated by the surgery
performed and patient factors including age and comorbidities. As a general rule,
soft tissue will heal faster than bone. Typically, 4—6 weeks of immobilization and
modified weight bearing is necessary after forefoot surgery. A progression to less
rigid immobilization and advancing to greater degree of weight bearing should be
conducted over time. Prolonged immobilization causes muscle atrophy and joint
rigidity; thus, physical therapy may be necessary for full rehabilitation. For proce-
dures involving bone, serial plain film radiographs should be taken during the post-
operative course to ensure progressive healing.

It is important to recognize that the foot has been structurally changed after sur-
gery. The structural change will alter the biomechanics of not only the foot but the
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Fig. 6.6 A custom shoe
for a diabetic patient after
forefoot surgery. The shoe
is constructed to provide
stability and assist in
ambulation. Note the
custom accommodative
insert to distribute pressure
on the plantar aspect of the
foot

entire body. Long-term accommodation may be necessary after forefoot procedures.
This includes the use of custom-molded inserts, braces, or ankle-foot orthoses.
Custom-molded inserts may include toe or forefoot fillers (after amputation) to
reduce or prevent movement in a shoe (Fig. 6.6). The diabetic patient with periph-
eral neuropathy requires special attention with the use of trilaminate multidensity
materials to better distribute the forces experienced on the plantar foot. A specially
modified shoe with a seamless interior and a rigid shank and a rocker bottom may
also be necessary to assist in more efficient ambulation. Further, knee- or thigh-high
compression hose may also be indicated for long-term edema control.

Discussion

The forefoot deserves special attention because of its terminal anatomical location
and its propensity for injury leading to wounds. The demands of ambulation require
an understanding of the biomechanics of the foot especially when considering sur-
gical intervention. The majority of noncomplex wounds will heal without the need
for surgical intervention. However, surgery may be necessary for larger, deeper
wounds with possible bone involvement. Surgical intervention for the acute com-
plex wound in a non-compromised host still requires attention to biomechanics
because the selected procedure may affect the biomechanics of the foot especially
when bone is resected or altered which changes the architecture of the foot. Further,
in the cases of chronic ulcers, there is almost always an underlying biomechanical
fault leading to its development and chronicity.

The maintenance or improvement of function should be the central goal in
procedure selection. Forefoot surgery may address the underlying biomechanical
component of the wound and/or decreases the likelihood of future development,
recurrence, or transfer. This is conducted through an array soft tissue, tendon,
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and/or bone procedures. The determinants of success or failure of forefoot sur-
gery are no different than any other surgery. Appropriate patient selection, accu-
rate deformity identification, proper procedure selection, and diligent
perioperative care will dictate the outcome.
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Chapter 7
Hindfoot Operations

Alec A. Macaulay and Jeremy T. Smith

Background

Etiology of Hindfoot Wounds

Wounds about the hindfoot can be caused by a number of problems and are often
multifactorial in nature. Heel ulcers represent, by far, the most common category of
hindfoot wounds. These ulcers develop for a number of reasons, often due to excess
pressure on the heel, a poor healing environment, and decreased protective sensa-
tion. Cited risk factors for the development of heel pressure ulcers include diabetes
mellitus, old age, living in a nursing home, immobility, spinal cord injury, malnutri-
tion, renal impairment, cigarette smoking, peripheral neuropathy, and peripheral
vascular disease [1-3]. The heel is second only to the sacrum as the most common
site of pressure ulcer formation, with about one-third of all pressure ulcers being at
the heel [1, 4]. Heel pressure ulcers represent a very serious problem; the 6-month
mortality rate in patients with advanced heel pressure ulcers has been shown to be
as high as 70% [1, 2].

Post-traumatic and postsurgical wounds represent two other categories of hind-
foot wounds. Open fractures of the talus or calcaneus, as well as degloving injuries,
can lead to significant hindfoot soft tissue loss as well as damage to the remaining
soft tissue envelope. Surgical incisions about the hindfoot, most notably for calca-
neus fractures and Achilles tendon procedures, also can lead to hindfoot wounds.
The anatomy of the hindfoot, particularly the posterior aspect of the heel where
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there is very little tissue between the Achilles-calcaneus complex and the overlying
dermis, makes this region particularly susceptible to wound problems [1]. By con-
trast, the inferior aspect of the heel has far greater soft tissue protection and is there-
fore far less susceptible to wound problems.

Assessment of Hindfoot Wounds

An important first step when evaluating any hindfoot wound is to determine the
underlying cause(s) and any perpetuating factors. Listed below are important parts
of the assessment of a hindfoot wound:

Overall health and status of the patient — Overall health and physiologic reserve,
living situation, and cognitive status are important factors for assessing and treat-
ing hindfoot wounds. Many patients who present with hindfoot wounds have
medical comorbidities that have contributed to the development of the wound,
ranging from systemic disease such as diabetes to biomechanical factors leading
to pressure ulcers.

Nutrition — The nutritional state of the patient is important to assess, as optimal
nutrition is critical for wound healing. In addition to the general appearance of
the patient, serum albumin and prealbumin can be used to screen for malnourish-
ment. The services of a nutritionist should be sought in the setting of poor
nutrition.

Wound location — Is the wound inferior, posterior or on either side of the hind-
foot? Location is important due to the anatomic implications, blood flow and
treatment options of various hindfoot wounds. The location of the wound may
give clues as to its etiology, with pressure ulcers typically located at the posterior
heel, for example. Foreign-body-related wounds, in contrast, are often at the
plantar surface of the foot.

Blood flow — Assessment of the vascular supply to the wound is a key part of any
wound assessment. There is a high correlation between peripheral vascular dis-
ease and heel ulcers [2]. Vascular supply to the hindfoot consists of two angio-
somes arising from branches of the posterior tibial and peroneal arteries [1].
There is a watershed area between these two vascular supplies at the lateral hind-
foot that is prone to postsurgical wound-healing problems. Similarly, the lateral
hindfoot is a common site of pressure ulcers. To adequately heal a hindfoot
wound, ample vascular supply from either these arteries or from collateral circu-
lation is necessary. The initial assessment of blood flow starts with the appear-
ance, color and warmth of the skin, presence of hair, and assessment of pulses. If
there is any concern for inadequate blood flow, more advanced assessment with
vascular studies and the involvement of vascular surgery should be initiated.
Vascular studies may include ankle-brachial indices, toe-brachial indices, seg-
mental leg pressures, pulse volume recordings, transcutaneous oxygen pressures,
or advanced imaging with angiography.
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Sensation — The presence of sensory neuropathy and the loss of protective sensa-
tion are important to assess with 5.07 Semmes-Weinstein monofilament testing.
If a patient has peripheral neuropathy of unclear etiology, involvement of a neu-
rologist should be requested.

Infection — The presence of infection is important when assessing a wound about
the hindfoot. Systemic signs of infection, such as fever, chills, or generalized
malaise can suggest an infection associated with a hindfoot wound. Abnormalities
in laboratory work such as elevated erythrocyte sedimentation rate (ESR),
C-reactive protein (CRP), and white blood cell (WBC) count all may be sugges-
tive of infection. The general appearance of the wound, presence of purulence or
erythema, and any odor from the wound are important additional initial assess-
ments. Plain x-rays, either of the foot, ankle, or calcaneus, may reveal bony
destruction which would be highly concerning for infection. At times, the use of
advanced imaging, such as magnetic resonance imaging (MRI) or tagged white
blood cell scan, can assist in determining the presence and extent of infection.
Wound extent (size, depth) — Is the wound limited to the dermis and superficial
tissues or does it extend to the muscles, tendons, and bone? It is important to
sterily probe the wound to evaluate its depth as just visualizing the wound very
commonly leads to an underestimation of wound depth [5]. Furthermore, wounds
that probe to bone in the diabetic foot ulcer population have been shown to have
a high incidence of underlying osteomyelitis [5]. Exposed tendon, often the
Achilles, or bone is very problematic and typically requires treatment with
debridement of the exposed tissue and attempts at wound coverage.

Pressure on the wound — Pressure is often a contributing cause of hindfoot
wounds and can also be a perpetuating factor for recurrent wounds. It is impor-
tant to assess for any external source of pressure on the skin and wound, such as
might be caused by ill-fitting shoe wear, as well as any internal source of pres-
sure on the skin and wound, such as from underlying bony deformity. At times,
there is no definable external or internal source of pressure other than immobili-
zation. This is frequently the cause of hindfoot wounds in patients with limited
ability to mobilize, as seen in some elderly patients or those with certain neuro-
logic deficits.

Imaging — Imaging is a very important adjunct to the assessment of hindfoot
wounds. Imaging can provide insight into the extent of the wound, other pathol-
ogy in the area, and the presence and extent of infection. Radiographs can show
bony injuries (such as an underlying calcaneus fracture) and can also show bony
changes suggestive of underlying osteomyelitis. Computed tomography (CT)
better shows bony detail and can show some soft tissue pathology as well. MRI
is usually the imaging modality of choice to assess the extent of soft tissue
involvement and the presence of infection in either the soft tissues or bone.
Tagged white blood cell scans can also be useful to determine the presence of
infection, especially when MRI is contraindicated.

Wound etiology — It is critical to determine the cause of the wound, as treatment
options may vary depending upon the cause. For example, wounds due to
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abnormal bony morphology with normal vascular supply are typically managed
differently than those with normal bony anatomy yet with vascular
insufficiency.

Treatment of Hindfoot Wounds

Non-operative Treatment of Hindfoot Wounds

Many hindfoot wounds can be effectively treated with non-operative measures. The
first step in non-operative treatment is to promote a favorable healing environment
by off-loading pressure on the wound, optimizing nutrition, ensuring adequate vas-
cular supply, treating infection if present, and achieving tight glucose control in the
case of diabetes. This often requires a multidisciplinary team approach that includes
representatives from orthopedic surgery or podiatry, nutrition, vascular surgery,
infectious diseases, wound care, endocrinology, primary care, nursing, and orthot-
ics/prosthetics.

There are a variety of ways to offload pressure on a hindfoot wound, including
heel elevation and pneumatic boots when in bed and heel off-loading shoes, braces,
and orthotics when out of bed and ambulatory. If these measures are inadequate,
then the patient may require restricted weight bearing on the affected limb. This can
be done with the help of external supportive devices including crutches, a walker, or
a wheelchair.

Proper wound care is essential to promote healing. The principles of this include
the debridement of any nonviable or infected tissue and keeping the wound clean
and protected. There are many dressing supplies available to help with this endeavor,
and subatmospheric pressure dressings can be particularly useful.

If the hindfoot wound is infected, antibiotic use is very important. Deep tissue
cultures are useful to guide antimicrobial therapy, whereas superficial wound cul-
tures are often polymicrobial and misleading [6].

Operative Treatment of Hindfoot Wounds

Hindfoot wounds are more difficult to treat surgically than many wounds in the
midfoot or forefoot. One reason for this is that procedures that reduce pressure on
the midfoot and forefoot, namely, Achilles tendon lengthening procedures, do not
have the same effect on the hindfoot. Additionally, it is feasible to heel weight bear
while treating a midfoot or forefoot wound, but it is much more difficult to forefoot
weight bear only while treating a hindfoot wound. And furthermore, the forefoot
and midfoot are naturally off-loaded when the lower extremity is elevated or when
lying supine in bed, while the hindfoot may continue to receive pressure in these
positions. Therefore it is not surprising that healing times, results, and limb salvage
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rates are inferior for hindfoot wounds and ulcers when compared to midfoot and
forefoot wounds and ulcers [1, 7].

The initial surgical treatment of many hindfoot wounds is a thorough debride-
ment of devitalized or infected tissue. It is important to debride the wound to healthy
margins of tissue. This allows characterization of the wound, and in the setting of
infection, allows for deep tissue biopsies for microbiology culture. Unfortunately, at
times this involves removal of tendon or bone. This may compromise function later
but is often a necessary step in effective treatment. Reconstructive efforts, such as
tendon transfer to supplement for a compromised Achilles tendon, may be under-
taken at a later time when and if the wound has been effectively treated.

Given the high association of hindfoot wounds and peripheral vascular disease,
revascularization procedures may be necessary. Revascularization procedures are
ideally performed prior to more advanced local surgical treatments beyond a
debridement. Revascularization procedures may also be necessary in the setting of
traumatic injuries with vascular disruption.

In certain circumstances, bony procedures can be helpful to promote healing of
hindfoot wounds. If there is pressure on the skin or wound by underlying bone, then
removal of the offending bone can help with the healing process. Additionally, bone
removal may be an important part of the treatment if osteomyelitis is present. Bone
resection procedures of the hindfoot take three main forms: plantar exostectomy,
partial calcanectomy, and total calcanectomy. These three options are presented
below.

Plantar Exostectomy

Plantar exostectomy may be performed when there is bony pressure from the calca-
neus at the plantar foot, contributing to an ulceration or wound. This excess pressure
can occur when there is loss or attenuation of the plantar fat pad and associated soft
tissues. Excess pressure can also occur following events that cause abnormal archi-
tecture of the calcaneus bone itself, as can be seen with Charcot neuroarthropathy
or malunion of calcaneus fractures. A plantar exostectomy removes a prominent
part of the calcaneus, typically at the weight-bearing surface, to relieve pressure on
the overlying wound or skin.

Case Example

A 63-year-old woman with neuropathy and recurrent foot ulcers presented with a
wound at the plantar hindfoot that had been present for more than a year. The plantar
hindfoot ulcer persisted despite extensive nonsurgical treatment, including local
wound care, prolonged heel off-loading, and the use of custom orthotics with a cut
out under the ulceration. She had palpable pulses and no evidence of vascular insuf-
ficiency. Plain x-rays and an MRI did not reveal deep infection or osteomyelitis
(Fig. 7.1a, b). She underwent a plantar exostectomy of the calcaneus to take pres-
sure off of the hindfoot ulcer. This procedure involved a medial hindfoot incision at
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d

Fig. 7.1 Plantar exostectomy. (a, b) Preoperative x-ray and MRI without osteomyelitis of the
calcaneus. (c¢) Intraoperative fluoroscopic image showing planned level of exostectomy using a
small saw. (d) Fluoroscopic image after plantar exostectomy

the glabrous/non-glabrous skin junction and the use of a small saw to remove the
plantar portion of the calcaneus deep to the ulceration (Fig. 7.1c, d).

Partial Calcanectomy

There are scenarios when a simple plantar exostectomy is insufficient and a larger
bony procedure is necessary. At times, to allow for a tension-free closure of a large
hindfoot wound, a substantial amount of bone must be resected. Soft tissue cover-
age options, such as flaps or skin grafts, are often limited at the hindfoot. This is due
to a number of factors, including the relatively poor vascular supply to this area and
the reality that many of these wounds occur in patients with multiple comorbidities
that make flap or skin graft coverage unlikely to be successful. In this setting, a
partial calcanectomy may be considered to achieve a tension-free closure. Similarly,
if osteomyelitis is present, then a partial calcanectomy may be required to remove
infected bone.
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Partial calcanectomy involves detachment or excision of the terminal Achilles
tendon and excision of a substantial, yet subtotal, amount of the calcaneus. When
performed in conjunction with an ulcer excision and skin closure, this procedure is
eponymously known as a Gaenslen procedure [8]. Case series have shown this pro-
cedure to lead to successful wound healing 75-100% of the time, although subse-
quent procedures are often needed [9-12]. A longer time to wound healing and
higher failure rates have been noted in patients with diabetes [12, 13]. Rates of
subsequent below-knee amputation have been reported to be 0-29% [9-12, 14].
Although the Achilles is detached and a substantial amount of the calcaneus is
excised, overall functional mobility, with the use of a specialized ankle-foot ortho-
sis, has been found to be similar to preoperative function [9, 11, 12]. Postoperative
function does not seem to differ much based on whether more or less than half of
the calcaneus is excised [14].

Case Example

A 92-year-old woman was admitted to the hospital with a non-healing posterior
hindfoot pressure ulcer. She was largely non-ambulatory due to a prior cerebrovas-
cular accident. On examination, the posterior aspect of the calcaneus was exposed
with bone easily palpable. Plain radiographs and an MRI revealed extensive osteo-
myelitis of the calcaneus (Fig 7.2a, b). She underwent an excision of the ulcer and
partial calcanectomy (Gaenslen procedure). The wound was approached from
straight posterior, excising the margins of the ulceration and using a saw to remove
the infected bone (Fig. 7.2¢). The proximal part of the incision was closed primarily
and the distal part received a subatmospheric pressure dressing. She was treated
with postoperative culture-specific intravenous antibiotics.

Total Calcanectomy

Excision of the calcaneus in its entirety is necessary when the extent of osteomyeli-
tis does not allow for the salvage of any of the bone or when a hindfoot wound is so
large that the entire calcaneus must be removed to facilitate subsequent closure.
There are far fewer cases of total calcanectomy reported in the literature than partial
calcanectomy. What can be gleaned from the available cases, however, is that
patients are left with a less stable and likely a less functional foot [15]. Midtarsal
instability can occur after a total calcanectomy and may require subsequent stabili-
zation [13, 15].

Case Example

A 47-year-old man with diabetic peripheral neuropathy developed a large non-
healing hindfoot ulcer. He presented to the hospital with areas of skin necrosis at the
hindfoot and exposed calcaneus (Fig. 7.3a). Plain radiographs and an MRI revealed
osteomyelitis of the entire calcaneus and part of the talus (Fig. 7.3b, c). Vascular
studies were performed, and he was deemed to have adequate vascular supply to
heal a hindfoot surgical procedure. A total calcanectomy was performed by using a
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Fig. 7.2 Partial calcanectomy. (a, b) Preoperative x-ray and MRI showing soft tissue loss of the
posterior hindfoot and extensive changes to the calcaneus consistent with osteomyelitis. (c)
Intraoperative picture showing resection of part of the calcaneus

posterior incision with removal of all devitalized soft tissue, removal of the entirety
of the calcaneus, and primary closure (Fig. 7.3d, e). A surgical drain was left in
place for several days, and he received culture-specific intravenous antibiotics for
6 weeks. The wound healed well, and he is now ambulating in a specialized pros-
thetic to accommodate the atypical shape of his hindfoot (Fig. 7.3f).

Amputations

Length-sparing amputations are rarely indicated for the treatment of hindfoot
wounds. In fact, most length-sparing amputations rely on either a healthy hindfoot
or at least maintenance of the heel fat pad. Yet, several length-sparing amputations
involve the hindfoot, and therefore we have chosen to include them in this discus-
sion of hindfoot operations. Importantly, these procedures are typically used for
treatment of unsalvageable midfoot or forefoot wounds, not hindfoot wounds.
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Fig. 7.3 Total calcanectomy. (a) Clinical picture showing the hindfoot wound with areas of
necrotic soft tissue and bone. (b, ¢) Preoperative x-ray and MRI showing extensive underlying
calcaneal destruction from osteomyelitis. (d, e) Intraoperative pictures showing resection of the
necrotic soft tissue and entire calcaneus. The wound was closed primarily over a drain. (f)
Postoperative x-ray showing resection of the entire calcaneus

The Pirogoff amputation involves an arthrodesis (fusion) of the calcaneus to the
tibia with removal of the entire midfoot, forefoot, and talus. This procedure has the
advantage of preserving most of the length of the lower extremity.

Case Example

A 67-year-old woman with diabetic peripheral neuropathy developed midfoot
Charcot arthropathy with collapse of the midfoot (Fig. 7.4a). She developed a
chronic plantar ulceration at the midfoot with extensive osteomyelitis of her
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Fig. 7.4 Pirogoff amputation. (a) Preoperative x-ray showing midfoot collapse and deformity.
(b—d) Intraoperative pictures showing the incision, disarticulation through the transverse tarsal
joint, and resection of the talus. (e, f) Intraoperative fluoroscopic images showing the osteotomies
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Fig. 7.4 (continued) of the tibial plafond and calcaneus in preparation for arthrodesis. (g)
Intraoperative picture showing the tibia and calcaneus prepared for arthrodesis. (h, i) Intraoperative
fluoroscopic images showing the tibiocalcaneal arthrodesis. (j) Postoperative clinical picture
showing the healed amputation with custom made brace

midfoot. She underwent a Pirogoff amputation, which involved a fish-mouth-shaped
incision and subsequent disarticulation of the foot through the transverse tarsal joint
(Fig. 7.4b, c). The talus was subsequently removed (Fig. 7.4d) and the tibia and
calcaneus cut to facilitate the tibiocalcaneal arthrodesis (Fig. 7.4e—g). Large diam-
eter screws were used to fix the arthrodesis site (Fig. 7.4h, i). She healed well and at
5 months postoperatively was ambulating with the use of a custom brace
(Figure 7.4j).

Another length-preserving amputation is a Syme amputation, which is an ampu-
tation at the level of the ankle joint. With this procedure, the foot is removed, and
the distal tibia is beveled to become a weight-bearing stump. The calcaneal fat pad
and plantar hindfoot are then secured to the distal tibia, becoming the weight-
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bearing portion of the extremity. Thus, as with a Pirogoff amputation, a Syme
amputation requires an intact heel pad.

The most common and useful amputation for the treatment of hindfoot wounds
is a below-knee amputation. This can be considered as the initial procedure in the
case of an extensive hindfoot wound deemed unsalvageable or a hindfoot wound
associated with significant infection, neurovascular injury, or extensive bony injury.
Below-knee amputation is also useful when limb salvage surgery has failed to give
the patient a satisfactory result. Below-knee amputation can lead to a better and
more functional result than extensive limb salvage and thus should not necessarily
be viewed as a failure.
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Chapter 8
Skin Grafting

Jillian L. Fortier, Charles L. Castiglione, and Lifei Guo

History of Skin Grafting

Skin grafting has been a tool in the reconstructive surgeon’s armamentarium since
the mid-nineteenth century. The first biologic transfer of skin was reported in 1869
by Swiss surgeon Jacques Louis Reverdin, who while working in Paris harvested
thin slices of full-thickness dermis using a lancet in an attempt to cover a forearm
wound with skin islands, from which he postulated an outgrowth of epidermis
would be stimulated [1]. This technique was attempted by several surgeons of the
time, and the first case series describing skin grafting was published in 1870 by
G.D. Pollack in London, in which he reported success in 8 of 16 cases using the
Reverdin technique [2]. George Lawson presented three cases of full-thickness skin
grafts (FTSGs) before the Clinical Society of London in 1870 [3]. The first descrip-
tion of intermediate-thickness skin grafts and FTSGs in the literature was published
by L. X. E. L. Ollier of Lyon in 1872 [4]. In the aftermath of the Franco-Prussian
War of 1870-1871, accomplished microscopist Carl Thiersch of Leipzig reported
on experimental work on skin grafting and concluded that very thin split-thickness
grafts had the highest survival rate [5]. Additional reports of FTSGs were published
by J. R. Wolfe of Glasgow, in 1875 [6], and Fedor Krause of Germany, in 1893 [7].

The first description of large split-thickness skin grafts was published by Vilray
P. Blair and James Barrett Brown of St. Louis in 1929 [8]. The invention of the
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dermatome by Earl Padgett and George Hood in 1939 further popularized this tech-
nique. In the beginning of World War II, reconstruction in Europe was largely
dependent on tubularized flaps. Sir Archibald McIndoe, a plastic surgeon from New
Zealand, used skin grafts in addition to tubed flaps for the treatment of pilots from
the Royal Air Force who were horrifically burnt in the Battle of Britain [9]. With the
advent of harvesting large STSGs with a dermatome and with improvements on the
Blair knife, which was largely used in burn wound debridement, skin grafting
became a more common technique throughout Europe for reconstruction of wounds
that previously had been managed with tubed flaps [2]. Modern advances in the
harvesting and preparation of skin grafts with techniques such as meshing and nega-
tive pressure wound therapy have helped establish skin grafting as a permanent rung
of the reconstructive ladder.

Wound Suitability for Skin Grafting

Wounds with significant skin loss should prompt consideration for skin grafting for
coverage. Small wounds with skin loss will often close spontaneously via secondary
intention if kept clean and moist with regular dressing changes. The treating sur-
geon should evaluate all wounds and consider the mechanism of injury, chronology,
location, and presence of underlying structures or necrotic tissue prior to attempting
skin grafting. Excessive bleeding, infection, presence of necrotic or fibrinous tissue,
and exposure of underlying bone without periosteum or tendon without paratenon
all preclude skin grafting since skin graft take is unlikely under these circumstances.
Furthermore, systemic conditions such as uncontrolled diabetes and peripheral vas-
cular disease would significantly decrease blood supply to the wound bed and
inhibit adequate skin graft take. These conditions should be addressed prior to skin
grafting with control of bleeding, debridement of necrotic, infected or fibrinous tis-
sue, and optimization of systemic disease with control of diabetes, peripheral arte-
rial revascularization, or compression therapy for chronic extremity edema. Skin
grafts require a vascularized, clean wound bed with granulation tissue that will pro-
vide a surface for early skin graft imbibition and eventual revascularization (see
Fig. 8.1). Premature skin grafting without optimization of the wound bed and con-
trol of underlying systemic disease may lead to skin graft failure and creation of an
additional donor site wound without achieving closure of the primary wound.
More complicated wounds or wounds with exposed structures such as bone with-
out periosteum, tendon without paratenon, cartilage without perichondrium, or
exposed vasculature will require more complicated surgical closure techniques such
as local or distant flaps, often in combination with skin grafting. The size and loca-
tion of the donor site should be considered in operative planning of large wounds.
Radiated wound beds typically require flap closure since irradiation causes tissue
fibrosis and endothelial damage within the microvasculature, inciting hypoperfu-
sion, thus impeding skin graft take [10]. The incorporation of vacuum-assisted clo-
sure devices in the preparation of wounds has made skin grafting a viable option for
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Fig. 8.1 Wound on right forearm with healthy bed of granulation tissue

wounds that previously would have required local or free tissue transfer for cover-
age. Parrett et al. reported in 2006 that once they began to utilize vacuum-assisted
closure for open tibia-fibula fractures, there was a trend down the reconstructive
ladder, using fewer free flaps and more delayed closures and skin grafts for defini-
tive closure. The resultant decreased tissue edema, decreased wound circumference,
and increased granulation tissue provided a favorable recipient bed for skin grafting
without change in the infection, amputation, or malunion/nonunion rates and a
decrease in reoperation rate with at least a 1-year follow-up [11].

Classification of Skin Grafts

Classically, a graft is tissue that is completely removed from the body, separated
from its blood supply, and placed in another location without an axial blood supply.
Skin grafts are classified based on the level at which they are harvested from the
underlying tissue. Split-thickness skin grafts (STSGs) include epidermis and vary-
ing thickness of the underlying dermis, whereas full-thickness skin grafts (FTSGs)
consist of the epidermis and the entirety of the dermis, including accessory struc-
tures such as capillaries, sebaceous and sweat glands, and hair follicles. Operative
planning for the type of skin graft typically depends on the size of the defect to be
covered and the thickness and nature of coverage that is desired for a particular area
[12].
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Split-Thickness Skin Grafts (STSGs)

Split-thickness skin grafts are typically used to cover defects in locations where the
final cosmetic appearance is not a primary concern and when the size of the defect
is too expansive to be covered by a full-thickness skin graft. STSGs are classified as
thin (0.008-0.012 inch in depth), medium (0.012-0.018 inch in depth), and thick
(0.018-0.030 inch in depth). The thickness of the graft is dependent upon the extent
of the dermal component that is included. The dermal thickness of a graft is inversely
proportional to the amount of contraction of the graft, with thicker STSGs having
the least amount of wound contraction. Accordingly, thicker grafts including more
of the dermal layer will heal with a more normal contour, whereas thin skin grafts
appear attenuated or stretched after healing due to the decreased thickness of the
dermal layer in addition to the absence of subcutaneous fat. Thin STSGs may be
harvested from any area in the body, though the most common donor site is the
anterior thigh given its broad, flat surface in a proximal location on the extremity
with reliable blood supply, which is typically free from dependent edema and has
minimal pressure points (see Fig. 8.2). STSGs take more rapidly and reliably in
comparison to FTSGs due to the decreased time to revascularization of the thinner
dermal component [8].

Meshing a skin graft increases the surface area of the graft by providing expan-
sion of the graft, minimizes the collection of fluid under the graft which would
preclude graft apposition, and increases the epidermal migration front, thereby
accelerating healing. After meshing, healing of the epithelium proceeds from the
islands of dermis across the graft filling in the vacant spaces of the mesh. By expand-
ing the useful size of a given graft, meshing concomitantly decreases the size of the

Fig. 8.2 Donor site on right lateral thigh marked with defect size
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donor site that is necessary to close a particular defect. A disadvantage of meshing
includes the fishnet appearance of the healed skin. The utilization of vacuum-
assisted wound closure (VAC) aids in contraction of the wound bed, thereby mini-
mizing the defect and necessary donor site. In patients with few available donor
sites and extensive wounds, such as burn patients, the utilization of thin STSGs will
enable re-harvest of the same donor site. After healing, the remaining dermis of the
donor site can provide several thin STSGs until the supply of the dermis is exhausted
[12].

Full-Thickness Skin Grafts (FTSGs)

Full-thickness skin grafts (FTSGs) include both the epidermis and the entire dermis
and are usually used to cover smaller wounds in situations where there is a greater
concern for aesthetic appearance. FT'SGs are commonly used to cover defects of the
face, the hand, joint extensor surfaces, or other openly visible areas since they have
less contraction than STSGs and have a superior cosmetic result. Closure of the
donor site is required and should be a consideration in donor site selection, with
incisions placed along natural skin tension lines in locations where they will not
distort the surrounding structures.

The most common donor sites for FTSGs are the posterior auricular region,
upper eyelids, neck, hypothenar eminence, and groin. In older patients, where skin
laxity is abundant, donor site choices become more ample. Because FTSGs include
the dermal appendages, they maintain the hair pattern of their original location even
after transplantation to the recipient site. Both the pigmentation of the donor site as
well as the hair pattern should be considered in operative planning to achieve satis-
factory cosmetic appearance after healing.

The thinner the FTSG, the easier it is for the graft to have adequate take. When
harvesting thin FTSGs, care must be taken to exclude the underlying adipose tissue
that is typically adherent to the deep surface of the dermis. FTSGs are not usually
meshed, but can be pie-crusted with sequential stab incisions to prevent accumula-
tion of fluid underneath the graft and to promote increased epidermal migration.

Furthermore, the quality and characteristics of the recipient site are of utmost
importance in deciding which type of skin graft to utilize. While a graft has the
potential to take on any site that is free of infection and necrotic tissue and has
adequate vascularization, a thicker graft may be preferred in locations that are sub-
ject to pressure or overlying vital or mobile structures. Viable recipient tissues
include granulation tissue, adipose tissue, muscle, and well-vascularized fascia,
periosteum, perichondrium, and paratenon [13]. For recipient wounds that are lack-
ing a well-vascularized surface, temporary wound coverage and preparation with a
dermal substitute or VAC device may be utilized for optimization prior to skin graft
coverage.
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Dermal Substitutes

Dermal substitutes may be used in situations where the wound is so expansive that
there is insufficient donor site for grafting or as a temporizing measure to develop a
wound bed that is suitable for placement of a STSG. They are frequently placed
over clean, debrided tissue that lacks its own microcirculation, such as bone without
periosteum or tendon lacking paratenon.

Skin allografts are derived from cadaveric or neonatal donors, whereas xeno-
grafts are derived from bovine or porcine donors. These grafts may include only
dermal elements or may include two layers to simulate the dermal and epidermal
layers of native skin. Grafts may be characterized as acellular or cellular, depending
on whether living cells are retained during graft processing. Cellular grafts can only
be obtained from a human source and are often cultured from neonatal foreskin.
They may stimulate elements of immunogenic host response in certain individuals.
Acellular grafts, however, are immunologically inert and usually harvested from a
decellularized cadaveric source. Xenografts must be acellular to prevent a strong
immunogenic host response.

Acellular dermal matrix (ADM) is a common dermal substrate used by recon-
structive surgeons to reinforce soft tissues and facilitate wound healing. It is created
of nonliving dermal components, including collagen, elastin, laminin, and glycos-
aminoglycans and may be harvested from either an allogenic or xenogenic donor. It
generally incorporates well into host tissue, and revascularization is often noted as
early as 1-2 weeks after implantation [14]. It is commonly used in breast recon-
struction to provide additional support and coverage of the inferior pole of a breast
implant and to provide additional strength in hernia repairs and to bridge large
abdominal wall defects. It has been used in chest wall reconstruction by providing
a bridge to definitive STSG coverage of exposed vital structures, or may serve as a
regenerative tissue matrix for chronic wounds [15].

Xenogenic ADMs, such as Strattice (LifeCell) and XenMatrix (CR Bard), are
harvested from a porcine or bovine source and require processing to inhibit collagen
degradation and to reduce immunogenicity. Acellular bilayered matrices, such as
Integra (Integra LifeSciences, Plainsboro, NH), are composed of collagen frame-
work cross-linked with shark glycosaminoglycans, which is covered by a silicone
top layer that helps to prevent desiccation of the product during neovascularization
of the dermal component. Neovascularization takes approximately 3 weeks, and
once this is complete, the silicone layer is removed, and a thin autologous STSG can
be placed over the vascularized dermal layer. This product is useful in creating a
vascularized wound bed over exposed structures such as the bone, tendon, or joint
and has the benefit of “off the shelf” availability. It also enables the surgeon to har-
vest a much thinner skin graft than would otherwise be needed, which permits the
use of the same donor site for the harvesting of thin STSGs multiple times if ade-
quate donor tissue is scarce. An additional layer of dermal collagen matrix may be
used to add thickness to a depressed defect. Disadvantages of using acellular
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bilayered matrices include the considerable expense of the product, in addition to
the classically described two-stage reconstruction of a defect [16].

Another variation of this concept includes engineered cellular matrices. For
example, Dermagraft (Advanced Tissue Sciences, La Jolla, CA) is composed of
fibroblasts from neonatal foreskins prepared on a polyglactin mesh and is indicated
for non-infected full-thickness diabetic foot ulcers. Cellular bilayered matrices,
such as Apligraf (Organogenesis, Canton, MA) and TransCyte (Advanced
BioHealing, La Jolla, CA), are composed of both the dermal and epidermal layers
and are indicated for use in diabetic ulcers and burn wounds, respectively. Regardless
of which type of engineered cellular matrices is used, these products all act as a
scaffold for ingrowth of neodermal tissue and prevent wound desiccation in the
early stages of healing. However, for the products containing the engineered epider-
mal component, they all lack the typical stratification of squamous cells present in
the epidermis of native skin and thus are largely friable, susceptible to shear forces,
and at times unstable [16].

Cultured epidermal autografts (CEAs) are often used in burn patients to expand
an individual’s skin when there is not sufficient dermis available for split-thickness
skin grafting. CEAs require biopsy of an individual’s skin, which is then processed
in the lab to isolate, expand, and culture the autologous keratinocytes, along with
co-cultured murine keratinocytes, in sheets of tissue for grafting. Smaller surface
areas can be cultured in as few as 16 days, though larger sheets of autologous kera-
tinocytes can take up to 4 weeks to culture. Disadvantages of this technique include
the considerable cost of the individualized bioengineered product in combination
with the time required to produce the product, its lack of off the shelf availability,
and the fragility of the final product with an exceedingly thin epidermal layer [16].

Operative Technique: STSG

After selection of an appropriate donor site, the skin graft is harvested with a power-
driven or free-hand dermatome or alternatively with a Humby knife. Some surgeons
opt to infiltrate local anesthetic or insert a local anesthetic pump for prolonged anal-
gesia of the donor site. Others opt to infiltrate the subcutaneous tissue with normal
saline to make the dermis more prominent for ease of harvest. If using a dermatome,
the surgeon must select the appropriately sized guard based on the defect size, and
the blade and guard should be inserted into the machine and adjusted to the desired
thickness of the graft (see Fig. 8.3). Mineral oil, Vaseline-based lubrication, or
Surgilube is applied to the donor site, and tension should be provided to the donor
site with manual traction by an assistant or with a tongue depressor. This creates a
friction-free surface between the dermatome and skin surface during harvesting [8].

The operation of the dermatome is often likened to the analogy of flying an air-
plane; the dermatome is turned on while hovering over donor site and slowly low-
ered down to the skin surface at a 45-degree angle for a smooth, gradual landing.
Constant downward and forward pressure is applied to the dermatome as it is
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Fig. 8.3 Mesher on left, electric dermatome on right with different sized guards

Fig. 8.4 Donor site after STSG harvested with dermatome

steadily advanced down the length of the donor site, with an assistant providing
pressure on either side of the runway in order to keep the dermal surface taut. When
the desired graft has been harvested, the dermatome is gradually lifted off the donor
site with the machine still engaged, much like an airplane taking flight off a runway.
This will truncate the harvested graft from the donor site (see Fig. 8.4). Alternatively,
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Fig. 8.5 Pie-crusted STSG secured to recipient site with chromic sutures

the surgeon can opt to disengage the dermatome without lifting off the donor site
and can truncate the skin graft manually with sharp scissors (see Video 8.1).

If the surgeon opts to harvest a graft with a Humby knife, it should be held with
the blade at a 45-degree angle to the skin and maneuvered back and forth in long,
even strokes over the taut donor site to separate the graft from the underlying der-
mis. When the desired length of graft is harvested, the wrist is supinated in a back
and forth motion to elevate off the donor site and separate the graft from the dermis
[17].

Many surgeons choose to mesh the harvested STSG, which expands the surface
area of the graft while also allowing drainage of any fluid that pools under the graft
once secured to the donor site. Any collection of serum or blood underneath the
graft can prevent imbibition of the dermal cells to the underlying microvasculature
of the wound bed, preventing graft take. Grafts with meshing also have multiple
points of contact with the underlying wound bed, thereby increasing the adhesion to
the wound bed and preventing disruption of the graft by shear forces. Meshed skin
grafts are therefore recommended for wound beds with irregular contour, since they
are more likely to drape in close opposition to the peaks and valleys of the surface.
In wounds with particularly irregular surfaces, vacuum-assisted wound closure can
optimize the close apposition of the STSG to the underlying surface while also pro-
viding conforming qualities to the underlying wound bed. The disadvantages of
meshing grafts include the “stocking net” appearance of healed skin after reepithe-
lialization and the higher rate of wound contraction with higher ratios of meshing.
Some surgeons will forego graft meshing and instead “pie-crust” the graft with
multiple stab incisions in the graft to allow drainage of underlying effluent and nec-
essary draping over the wound bed (see Fig. 8.5). Pie-crusting, while effective at
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allowing drainage of fluid, is not nearly as useful for expansion of the surface area
of the skin graft in comparison to meshing [17].

Most STSGs are meshed with an expansion ration of 1.5 or 2:1, though this can
be altered to as high as 6:1 based on the size of the defect and available graft donor
site. The higher the ratio of meshing, the higher the rate of reepithelialization which
is necessary for wound coverage, and the more expandability is achieved to cover
the defect. To mesh the defect, the graft is placed on a rigid plastic sheet and passed
through the meshing device, where it rolls through metal cutters to create the uni-
form meshed pattern across the skin graft [18]. Singh et al. described a technique in
which they minced a STSG to dimensions of 0.3 x 0.3 mm (pixel sized), which are
then suspended within a moist wound bed without consideration of the dermal side
being up or down. They noted fast rates of epithelialization, decreased wound con-
traction, and increased mechanical stability compared with non-grafted wounds.
While this technique has not become widely practiced, pixel grafting may be useful
in treatment of the patient with extensive skin loss and limited donor sites [19].

The wound bed must be prepared prior to grafting with thorough debridement of
any necrotic, infected, or fibrinous material. A thin coat of methylene blue can be
painted on the defect surface, so that adequate debridement can be determined when
all of the methylene blue has been eradicated. Debridement is often performed
sharply with the edge of a scalpel, thereby disrupting the capillaries of the underly-
ing granulation tissue [20]. Alternatively, hydrosurgical dissection with the use of a
VersalJet (Smith & Nephew, Largo, FL) or similar device is an effective tool for
gentle but adequate debridement of devitalized material while simultaneously mini-
mizing the debridement of healthy, vital tissue [21]. A healthy bed of tissue that
easily bleeds with gentle manipulation is optimal, as this will support the graft in the
first days by permitting the necessary imbibition of the graft and diffusion of nutri-
ents required for early graft take. Any excessive bleeding should be controlled to
prevent collection of hematoma underneath the STSG, which would preclude appo-
sition of the graft and may enable it to shear off the wound bed with any horizontal
force.

The STSG is then placed on the wound bed with the shinier, dermal side facing
downwards onto the wound. The STSG should drape gently over any contour irreg-
ularities of the wound bed and may be secured with quilting sutures to prevent tent-
ing of the graft over wound depressions. The edges of the graft are then secured to
the wound with absorbable sutures, staples, or with a thin layer of fibrin glue which
may be sprayed on the surface of the wound just before placing the graft on the
wound bed. Although the use of fibrin glue is beneficial in securing the graft in a
timely fashion without need for sutures, it adds expense to the operation and pre-
cludes the ability to stretch a graft across a defect, thereby making a larger donor
site necessary. The graft should be secured by suturing in a “ship to shore” fashion
without ripping or strangulating the edges of the meshed graft. Excess STSG that
overlies the edges of the wound should be trimmed to ensure minimal overlap [18].

There are a variety of dressings suitable to secure a STSG. Commonly, a layer of
antibiotic ointment and a nonstick iodine-impregnated gauze is placed over the
graft, followed by a layer of antibiotic ointment. This is secured with a light pressure
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Fig. 8.6 STSG kept in close apposition to wound bed with vacuum-assisted closure device

dressing or nonstick gauze-wrapped cotton bolster providing 10-20 mmHg pressure
to enhance graft adherence without causing pressure necrosis. Vacuum-assisted
wound closure (VAC) has been shown to be effective at promoting adherence of the
graft, providing surface conformity, and reducing the shearing forces while also
draining any exudate, thereby reducing the rate of seroma formation (see Fig. 8.6).
Patients treated with VAC have also been shown to ambulate earlier and have overall
decreased length of inpatient hospitalization in comparison to patients managed
without VAC [22].

The operative dressing is usually taken down on postoperative day 5-7 unless
there is suspicion for early wound infection which would require earlier evaluation
of the wound. When the operative dressing is first taken down, the surgeon must
take care to prevent shearing the graft away from the recipient bed while lifting the
VAC or bolster off, a process made easier by the initial layer of antibiotic ointment
at the time of surgery. After the first dressing change, daily dressing changes with
application of antibiotic ointment and nonstick iodine-impregnated gauze, and dry
sterile dressing keeps the graft clean and moist in the initial phases of healing. The
graft may be exposed to open air with daily application of a moisturizing cream or
antibiotic ointment once it appears adherent to the wound bed. The patient should
take care to keep the wound out of direct exposure to the sun and apply sunscreen
once it is fully epithelialized, usually starting 3 weeks postoperatively (see
Fig. 8.7a—e) [20].

After harvesting the STSG, the donor site may be dressed with an occlusive
dressing which allows the accumulation of sterile serous fluid underneath the dress-
ing, thereby stimulating the underlying dermis to reepithelize (see Fig. 8.8). Usually,
a moist occlusive dressing such as large Tegaderm or Tegasorb (3 M Medical,
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Maplewood, MN) preserves a sterile environment while minimizing patient
discomfort in comparison to a dry dressing. Alternatively, some surgeons opt to
dress the donor site with nonstick iodine-impregnated gauze, a layer of antibiotic
ointment and dry sterile dressing. The operative dressing is typically left in place

..

Fig. 8.7 (a) Left thigh and groin wound status post serial debridement of necrotizing soft tissue
infection demonstrating clean, viable wound bed with granulation tissue. (b) Wound covered with
STSG with 4:1 meshing ratio. (¢) Healing STSG with good take after vacuum-assisted closure
device removed on postoperative day 7. (d, e) Healed STSG 3 months postoperatively.
Reconstruction with STSG provided durable coverage and definitive closure
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Fig. 8.7 (continued)

Fig. 8.8 Donor site dressed with occlusive Tegaderm dressing

until reepithelialization is complete, or the surgeon may opt to remove it earlier if
the occlusive dressing leaks or appears concerning for infection. If the donor site is
dressed with nonstick gauze, it is usually left in place with the overlying gauze
changed as needed, until the edges of the nonstick gauze start to lift off the underly-
ing, healing epidermis. At this time, the edges of the gauze can be serially trimmed
until it is completely removed at the time of complete reepithelialization [20].
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Operative Technique: FTSG

FTSG donor site selection is paramount in ensuring appropriate match of pigmenta-
tion, dermal thickness, texture, and hair growth for the recipient wound. Common
donor sites for FTSGs used for coverage of facial wounds include the posterior
auricular skin extending toward the mastoid process, skin of the upper eyelid, supra-
clavicular region, or posterior triangle of the neck. For larger, non-facial wounds,
skin of the thigh, medial arm, groin, or abdomen may be suitable, though the existing
hair pattern should be considered. Skin of the hypothenar eminence or antecubital
fossa may be used to cover small defects on the hand. Donor site skin laxity and ease
of closure should also be considered at the time of donor site selection [23].

The size and shape of the defect should be evaluated, and many surgeons find it
helpful to create a pattern of the defect to aid in marking the donor site prior to graft
harvest. An ellipse is marked incorporating sufficient tissue to cover the defect. The
subcutaneous tissue is infiltrated with normal saline or local anesthetic to aid in
hydrodissection of the dermis off of the underlying subcutaneous tissue. The FTSG
is then incised and undercut, taking the entirety of the dermis while leaving behind
the subcutaneous tissue. Any stippling of adipose tissue that remains attached to the
dermis is sharply excised with scissors prior to FTSG inset. Pie-crusting of the
FTSG is often performed to increase graft conformity and allow efflux of any fluid
that gathers underneath the graft, thereby precluding its close apposition with the
wound bed. The FTSG is then secured to the edges of the prepared recipient wound
bed with absorbable sutures, fibrin glue, or staples. A light pressure bolster dressing
or VAC is then applied to the wound in a similar fashion as described for STSGs.
The donor site is closed primarily in layers, or if there is too much tension, a local
tissue advancement or STSG may be necessary for definitive closure of the donor
site [20].

Graft Healing

Skin graft healing requires adequate adherence of the graft to a recipient site with
intact microvasculature and subsequent immobilization of the graft to support early
graft neovascularization. In the first stage of graft healing, a fibrin network permits
adherence of the graft to the recipient site, thereby providing close apposition to
allow the cells of the graft to receive nourishment from the underlying tissues
through the capillary action of plasmatic imbibition. This stage dominates wound
healing for the first 2448 h after graft apposition. If evaluated during the initial
stage of healing, the graft appears white and edematous. Survival rates of thin
STSGs are higher than survival of thick STSGs because of the difference of
diffusion of metabolites and oxygen required during this initial process of cell
imbibition [23].
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By 48-72 h following graft apposition, a fibrin network is secreted between the
graft and recipient bed. This allows for the ingrowth of vascular buds from the
microvasculature of the recipient site into the fibrin network. The evolving vascular
bed at the interface of the graft and recipient site develops anastomoses with pre-
existing and newly forming blood vessels in the graft-recipient interface. This rep-
resents the inosculation phase of graft healing, which continues for up to 7 days
after graft apposition. During the inosculation phase, the graft may appear mottled
or have an erythematous to cyanotic hue. The success of wound healing during this
phase is directly related to the microvasculature of the recipient bed, from which the
vascular buds emerge. Additionally, the absolute immobilization of the graft by the
postoperative dressing is essential to prevent shearing forces, which may otherwise
disrupt the emerging vascular connections. Neovascularization is thought to initiate
from both the base and the periphery of the recipient bed and in a healthy recipient
bed will be established in the graft by postoperative day 7 [23].

Lymphatic vessels within the graft grow parallel to the microvasculature.
Lymphatic flow develops within the wound bed by postoperative day 5 or 6, at
which time the inflammatory effluent is drained from the wound and thereby
decreases edema within the recipient site from postoperative days 7-9.

Reinnervation of the graft occurs later in the healing process but usually begins
within the first 28 days postoperatively. Sensation returns to the periphery of the
graft initially and gradually proceeds medially to the interior of the graft. Because
there is a greater number of donor site nerve endings present in FTSGs, full return
of sensation is more likely in FTSGs compared to STSGs [23].

Healing of the donor site of STSGs is characterized by reepithelialization, in
which the epithelial cells from dermal appendages migrate across the islands of
exposed dermis to establish a new epidermis. The more dermis that remains within
the donor site after graft harvest, the faster the donor site heals since the process of
epithelialization begins from multiple foci of present dermis and its appendages.
Thus, donor sites of thin STSGs heal quicker than donor sites of thick STSGs. The
donor site is completely reepithelized, and the epithelial cells are fully differentiated
within 3—4 weeks of STSG harvest (Fig. 8.9) [23].

Factors Affecting Graft Take

There are three conditions necessary to support skin graft take: close apposition of
the skin graft to the recipient site in order for the graft to receive nutrients via imbi-
bition, the formation of nascent vasculature ingrowth from the recipient bed to the
graft, and absolute sterility to reduce risk of infection. Any conditions that disrupt
these processes from which the graft receives nutrients will reduce the chance of
graft take. Pooling of seroma or hematoma lifts the graft away from the recipient
bed, thereby decreasing the rate of diffusion of nutrients and avulsing the nascent
vascular connections that are forming at the graft/recipient bed interface. Meticulous
hemostasis, meshing of the graft, and bolstering or VAC placement over the graft
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Fig. 8.9 Diagram illustrating the three stages of graft healing. For the first 48 h after grafting, the
graft survives by plasmatic imbibition from the underlying wound bed, during which a gradient
supports diffusion of molecules into the graft. From 48 to 72 h, the graft is nourished via inoscula-
tion, where there is ingrowth of vascular buds from the microvasculature of the recipient site into
the fibrin network, forming anastomoses between the existing vascular network and nascent blood
vessels. By 7 days after grafting, neovascularization occurs as there is ingrowth of new vasculature
from the base and periphery of the skin graft (Adapted from Chang J, Neligan P. Plastic Surgery,
3rd ed. Elsevier, 2012)

site all serve to prevent the accumulation of fluid under the graft and preserve the
early means of graft nourishment. Wounds situated on chronically edematous
extremities of patients with lymphedema or chronic venous stasis disease provide a
difficult environment for wound grafting since their level of baseline edema may
prevent sufficient diffusion of nutrients from the wound bed to the graft in the early
stages of wound healing. In patients with peripheral vascular disease and decreased
perfusion of the affected limb, revascularization should be performed prior to elec-
tive skin graft or wound reconstruction to ensure adequate wound healing postop-
eratively [23].

Shear forces, which shift the skin graft horizontally in relation to the wound bed,
may disrupt the delicate vascular ingrowth of the skin graft from the underlying
recipient bed. Graft immobilization with bolstering or VAC in addition to minimiza-
tion of movement of an adjacent joint is essential to prevent disruption of the nascent
blood vessels. Many surgeons choose to immobilize skin grafts overlying a joint by
splinting the joint for the early postoperatively period to protect the ingrowth of
neovasculature [12]. In small defects (1 cm or less) overlying exposed surface
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without intrinsic vasculature, the graft may still take as a result of radial growth of
the epithelium from the healthy edges of the wound bed surrounding the defect, as
long as the epithelial cells do not completely outstrip their blood supply from the
periphery.

Premature skin grafting in the presence of a contaminated or infected wound bed
will significantly reduce the likelihood of skin graft take. During infection, high
levels of inflammatory mediators including nitric oxide, interleukins, and cytokines
lead to destruction of the fibrin bonds between skin graft and recipient bed. In par-
ticular, B-hemolytic streptococcal and pseudomonal infections produce high levels
of plasmin and other proteolytic enzymes that disrupt the fibrin bonds characteristic
of early wound healing. In wounds that have previously been infected, it is recom-
mended that preoperative wound cultures be obtained to evaluate for colonization of
the wound bed. In wounds with culture proven >10° organisms per gram of tissue,
skin grafting is not recommended without further debridement and treatment of the
bacterial colonization [24].

After initial removal of the operative dressing, the graft should be evaluated for
percentage of graft adherence or “graft take.” In wounds with partial graft loss, any
nonadherent, nonviable tissue should be gently debrided and the resultant defect left
to close by secondary intention. If the ensuing defect is large, additional skin graft-
ing may be attempted after thorough evaluation of the likely causes of graft failure
and after corrective steps have been taken to increase the likelihood of graft take.
With partial graft loss, there is a higher rate of scarring, contracture, and contour
deformities within the healed wound bed [17]. In certain situations, one may even
attempt to regraft the area of untaken recipient site graft and achieve some viability
and graft take the second time around when conditions are optimized.

Factors Effecting Wound Healing

As a general principle, wound healing requires effective delivery of oxygen and
nutrients to the tissue while removing toxic metabolites and excess exudative fluid.
Any condition, whether innate or acquired, which inhibits this process may lead to
delayed wound healing. Oxygen delivery can be negatively impacted by systemic
factors such as poor cardiac output, peripheral vascular disease, or anemia. In addi-
tion, factors that affect the local vasculature of the wound bed can have equally
deleterious effects. One of the most common offenders is patient smoking or tobacco
use. Smoking stimulates vasoconstriction of the microvasculature causing impaired
oxygen delivery to the wound bed, in addition to releasing free oxygen radicals and
toxic metabolites into circulation. Smokers are commonly found to have elevated
carboxyhemoglobin levels compared to nonsmokers, which reduces the oxygen-
carrying capacity of erythrocytes, stimulates endothelial changes, and increases
platelet adhesiveness. Counseling on the risks of smoking especially related to
wound healing complications, infection, and graft loss should be an essential com-
ponent of the preoperative discussion [13].
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Radiation therapy to tissue stimulates an initial inflammatory response, often
causing desquamation of the targeted cells in a dose-dependent manner. As part of
the inflammatory response, normal cells on the periphery of the radiated field
migrate into the damaged tissue to initiate healing. Irradiated fibroblasts contribute
to the synthesis of excess collagen in a wound bed with decreased density of micro-
vasculature, thinned epidermis, and damaged and dysfunctional sweat and seba-
ceous glands. Irradiated tissues become stiff and fibrotic, with an increased infection
risk and high likelihood of delayed healing. For this reason, irradiated tissue is not
a suitable recipient wound bed for skin grafting, and flap reconstruction should be
considered for all radiated wound beds. Furthermore, patients with skin graft recon-
struction of oncologic defects should be allowed to heal for at least 6 weeks before
undergoing radiation therapy to a grafted field [10].

Since malnutrition and chronic wounds go hand in hand, the patient’s general
nutritional state should be evaluated and optimized prior to wound reconstruction
with skin grafting. Patients with hypoalbuminemia have a limited supply of essen-
tial amino acids necessary to stimulate collagen synthesis in a healing wound.
Vitamin C is the essential cofactor for lysine and proline hydroxylation during
collagen creation and cross-linking, and vitamin A is required for the process of
epithelialization and normal bone metabolism and function. Zinc is an obligate
cofactor for DNA polymerase and reverse transcriptase and therefore essential for
the cellular proliferation that characterizes wound healing. Patients with marked
malnutrition or suspected gross vitamin or mineral deficiencies should be optimized
prior to considering elective wound reconstruction with skin grafting [13].

Certain medications can also have an adverse effect on the wound healing pro-
cess. Chemotherapeutic agents may impair wound healing by inhibiting cellular
proliferation, and frequently a chemotherapy-free period is requested prior to under-
taking skin grafting. Cancer patients on Avastin may present with less than ideal
vascular beds and may have difficulties in supporting adequate skin graft take.
Similarly, long-term use of adrenocortical steroids delays wound epithelialization
and collagen cross-linking, ultimately inhibiting wound contraction. Patients who
take chronic steroids have been found to have decreased levels of cytokines prompt-
ing decreased macrophage migration, fibroblast proliferation, collagen synthesis,
and angiogenesis, leading to a weakened incision. Studies have shown that the pre-
and postoperative administration of vitamin A 25,000 IU/day minimizes and can
reverse the deleterious effects of steroids on wounds [18].

Potential Complications of Skin Grafting

Infection is the single most destructive postoperative complication for nascent skin
grafts. The inflammatory milieu that characterizes infection devitalizes the wound bed
and commonly leads to skin graft failure. For this reason, it is essential that only a fully
debrided wound bed free of infection be considered for skin grafting. Impeccable
intraoperative sterility is essential to limit the risk of perioperative infection.
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Skin graft contracture can impart functional limitations and an unsatisfactory
aesthetic result in the grafted wound. Primary contraction is caused by the immedi-
ate recoil of the existing elastin fibers within the dermis of a harvested skin graft.
The degree of primary contraction in a skin graft is directly proportional to the
amount of dermis in a graft. The action of myofibroblasts within the newly har-
vested graft induces secondary contraction of a skin graft, which is inversely pro-
portional to the dermal content of the skin graft. Therefore, STSGs have lower rates
of primary contraction, but higher rates of secondary contraction in comparison to
FTSGs [18].

Specialized functions such as the secretion of sweat, sebum, and the provision of
hair growth within a skin graft are directly related to the thickness of dermis and the
number of epithelial appendages present in the graft. Sweat glands require reinner-
vation by the sympathetic nervous system, whereas sebaceous gland secretion is
directly related to the number of glands transferred within the graft. For this reason,
thin STSGs are often noted to be drier and require regular moisturization compared
to thick STSGs. FTSGs also boast improved return of sensory innervation compared
to STSGs because its thicker dermal layer contains greater numbers of neurilemmal
sheaths and hair follicles necessary for end organ sensory reception [18].

Pigmentation and texture difference between skin graft and recipient site is a
well-known complication of skin grafting, though every effort should be made to
select a donor site with similar skin tone and thickness to the healthy tissue sur-
rounding the wound. In aesthetically sensitive locations where insufficient amount
of similarly pigmented and textured skin is available for grafting, local tissue rear-
rangement or locoregional flap reconstruction should be considered [20].
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Chapter 9
Local and Regional Flaps

Raman Mehrzad, Daniel Kwan, Scott Schmidt, and Paul Y. Liu

Introduction

The field of reconstructive surgery is rapidly advancing. Major advances in wound
care have resulted in the ability to heal small- and medium-sized defects without
significant sequela. However, secondary intention is not adequate for large, complex
wounds. Anatomical and functional considerations along with scar stability require
a more sophisticated treatment strategy. In addition, the skin envelope is our first
line of defense against microorganisms. Complex defects involving bones, joint,
and tendon could lead to major complications if management and coverage are
delayed. Consequently, rapid wound coverage may be may be favored over healing
by secondary intention.

Finally, wound healing in a medically compromised patient remains a challenge.
Polytrauma or medical comorbidities such as coronary artery disease, atherosclero-
sis, renal insufficiency, or diabetes will play a role in wound coverage. Wound heal-
ing becomes more challenging as cellular disturbances impair normal healing
necessitating more advanced wound coverage techniques.

The first step in any wound management is assessment. One must consider the
techniques available to cover the wound. The implementation of the “reconstructive
ladder” provides a basis for decision-making. Technical means for coverage of com-
plex defects include flaps or grafts. A flap is tissue that is transferred from a donor
site to a recipient site with its included blood supply. This differs from a graft, which
involves tissue transfer without consideration for its native perfusion. Flaps are used
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in situations where wounds are more complicated and secondary healing is not a
sustainable treatment modality. Flaps may provide optimal stable coverage in com-
plicated wounds. As noted, flaps always include a blood supply. Orientation of this
blood supply defines the flap type. In addition, flaps vary based on distance to the
recipient site. Local, regional, and distant are descriptions of where the flap is
located. Flaps may also differ based on anatomical composition such as the bone,
muscle, fascia, or skin.

Anatomy

The skin is the human body’s first line of defense against microorganisms. It is
divided into the epidermis, the dermis, and the subcutaneous tissue. There are
mainly two networks of blood vessels, a superficial and a deep network that supplies
the skin with blood. The superficial network is located within the papillary layers of
the dermis, while the deep network lies between the subcutaneous tissue and the
dermis. The epidermis is supplied by the superficial network, collaterals through
diffusion, and by perforating arteries that bring blood from the deeper networks [1].
Regional areas that are supplied by individual named blood vessels are termed
angiosomes. These areas can encompass the skin, bone, and other soft tissues.
Neighboring angiosomes can connect by small capillaries to provide a larger ana-
tomic construct [2]. This concept regarding the angiosome as a composite unit of
tissue supplied by a source artery has been well established. This has improved our
ability to define smaller and more specialized flaps based on individual “perfora-
tors” in which the primary zone of perfusion is limited to the branches of an indi-
vidual perforator. These perforators then anastomose with adjacent perforator
territories. These isolated perforators derived from a deep vascular system through
intermuscular septa or underlying muscles supply blood to the flap. Perforators can
be classified into direct and indirect perforators as per the origin of the vascular sup-
ply. If they only pierce to the deep fascia, they are direct perforators since they do
not transverse in any other structural tissues. Indirect perforators, however, first run
through other structures before piercing the deep fascia [3].

Flap surgery requires an understanding of the native perfusion network of each
individual flap. Flap elevation requires that initial flap survival be based on the
defined flap blood supply until incorporation of the flap into the recipient site.
Knowledge of angiosomes and flap perfusion will allow for tailoring of the surgical
approach and flap design (size, shape, and location) in order to provide the best fit
for the defect [2].
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Blood Supply

Blood supply to a flap can be characterized as axial or random. In an axial vascular
pattern flap, a particular (named) artery or group of arteries provides the axial blood
supply. Flaps of this design include the axial vessel and angiosomes of the surround-
ing vascular areas. In contrast, random flaps do not include an axial vessel. Blood
supply is based on a network of many small (unamed) vessels of the subdermal
plexus [3-5].

Flaps

Flaps are tissues lifted from a donor site and moved to a recipient site based on a
blood supply. As they contain perfused tissue, they can aid in the healing of the
recipient site because they are not dependent upon the blood supply within the
recipient site Consequently, the quality of the wound bed at the recipient site is not
as critical in comparison to the use of grafts. Grafts do not carry their own blood
supply and is therefore dependent on the recipient’s wound bed vascularization.
With this foundation, flaps offer an opportunity to use thicker or larger tissue, and
the volume of transferred tissue can be greater than that of a graft. Further, flaps can
also contain many types of tissue, including the muscle, bone, fascia, skin, and
nerve. However, a continuous vascular supply is required for successful flap trans-
fer, and if the blood supply is compromised, the flap will not survive.

Indications for Flap Coverage

There are several indications for flap coverage. In general, flap surgery has broad
applicability with nearly limitless array of flaps available to cover very complex
defects. The most typical scenario to perform flap surgery to wounds is when pri-
mary repair is unattainable without undue tension and grafts are not sufficient. Flap
reconstruction is an excellent choice in the setting of exposed tendon or the bone.
Flap surgery is also a great option when large or composite defects exist. Breast
reconstruction would be a typical example of this where flaps would be favored over
grafting due to the tissue required and cosmetic nature of reconstruction [6].

Wound factors that need to be considered when performing flap surgery include
the size of the defect, functional requirements, and location. The patient’s medical
history, the donor site morbidity, as well as the cosmetic and functional results need
to all be taken into account. Furthermore the wound bed needs to be evaluated for
what is missing and cofactors that may play a role such as infection and radiation.

Since there are different types of flaps and designs, the flap choice is a selective
process based on what is available and what is required.
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* Defects on the face: these are best closed with local flaps, using the same tissue
move as a random pattern transposition or rotational flap, e.g., V-Y advancement
flaps and rhomboid flaps [6, 7].

* Defects on the trunk: these are less contingent on aesthetics and typically
require a bigger tissue volume.

e Defects on limbs: areas of the feet and hand could be difficult to replace and
require special consideration when choosing flaps closure. Most areas of the
hands for instance require thin flaps in order to obtain the optimal functional
results.

Preparation for Flaps

In contrast to grafts, the wound bed does not need to be vascularized. However, the
wound needs to be clean and free from infectious, necrotic, or ischemic tissue, and
edema should be minimized.

Classification

Commonly, flaps are categorized as local, regional, and distant flaps. This chapter
will focus on the first two mentioned. In general, if possible, simple local flaps are
used. However, if local options are not available or if aesthetic and functional results
are better achieved, a distant or regional flap is used.

Local Flaps

Local flaps utilize tissue that abuts the defect that requires coverage. Local flaps are
subdivided in skin flaps or fasciocutaneous flaps. A non-individualized network of
blood supply connecting from muscle perforators supply the skin flaps, consisting
of subcutaneous fat and skin. Fasciocutaneous flaps differ in the way that they also
include underlying fascia with additional blood supply. Local flaps are used to cover
defects in areas without sufficient tissue laxity to achieve primary closure. Local or
sedation anesthesias are typically enough for most local flap transfers.

To allow for primary repair in addition to providing tissue to the recipient site for
coverage of the defect, the donor side for a local flap should ideally have enough
laxity. However, a skin graft can be used if primary repair of the donor site cannot
be accomplished. The head and neck are common areas where local flaps are used
after removal of cutaneous carcinomas. Most local flaps use random pattern blood
supply with no specific named vascular supply. V-Y flaps, rhomboid flaps, Z-plasty,
and bilobed flaps are example of local flaps, V-Y flaps, and Z-plasty.
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Two layers are typically used to close the donor site for a local flap: (1) a layer of
an absorbable deep dermal fine sutures followed by closure of the skin with intra-
dermal absorbable transcutaneous permanent suture. Due to the decreased reactivity
component, absorbable or permanent monofilament sutures are recommended. It is
important to not tie the sutures too tightly or leave them to long as suture marks will
be visible, decreasing the cosmetic results. Moreover, permanent sutures usually
result in less inflammation as long as they are removed in an early state; for facial
reconstruction, suture should typically be removed between 3 and 7 days [8].

Another important aspect of local flaps is the length and width ratio. To warrant
adequate vascular supply, this ratio should be aimed to be 1:1 in most cases.
However, depending on the underlying vascular pattern, this ratio is somewhat vari-
able. A good rule of thumb is to assess the vascularity of the location. Locations
with poorly vascularized areas such as the lower extremities require the flap length
to be equal to flap width. Richer vascular areas such as the face or flaps with axial
vascular patterns can be longer with a narrower base [8].

Notably, local flaps may not take their final form for up to 6 months and may
remain erythematous and edematous for many weeks. Thus it is important to delay
any revision procedures until flap maturity [8].

Regional Flaps

Regional flaps utilize tissue in the vicinity of the defect without abutting the defect.
Most regional flaps are musculocutaneous. Thus, the morbidity of muscle harvest of
the donor site must be considered. A forehead flap for nasal tip reconstruction is a
classical example. The skin similar in color and quality of the recipient site is used,
and regional flaps are typically preferred in cosmetic sensitive areas such as the face
for the long-term aesthetic outcome [8].

Angiosome territories are used in regional flaps, and they require identification
of the source vessel upon which the tissue transfer will be based, including the arc
of rotation of a flap based on that specific vessel. The skin island that is required is
typically centered over the vessel, and a handheld Doppler could be used to follow
the vessel in most cases [8].

Flap Composition

A variety of tissues could be included in local and regional flaps, and the nature of
the defect that is being repaired decides which flap type to use [9]. For example,
deep or large tissue defects can be repaired with musculocutaneous flaps, while
defects that include the bone can be repaired with osteocutaneous flaps.
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Various Types of Flaps
Skin Flaps

The most common utilized local flaps are skin flaps. These cover surgical or trau-
matic defects and are used to afford primary closure and cover skin defects in areas
without sufficient tissue laxity. Local flaps are preferred over skin grafts since it is a
simpler and more cosmetically enhanced method of primary closure, and it offers
the benefit to avoid a surgery at a second site.

Muscle Flaps

The nerve and associated vascular pedicles of the muscle is used as a muscle flap for
defect coverage [10]. The blood supply of the muscle is carried with the muscle and
includes the overlying tissue. Since muscle flaps are intensely vascularized, a split-
thickness skin graft can be placed if enough skin coverage is not available, to com-
plete wound closure. Attention must be given to the donor site deformity from the
muscle sacrifice, since muscle flaps harvest some or all of a particular muscle.
Typically, muscle flaps are used for trauma-induced defects, functional purposes, or
for large ablative purposes. A common example of a muscle flap for defect coverage
is the medical gastrocnemius flap to cover compound fractures of the proximal leg
or after total knee replacement complicated with anterior tissue loss [10].

Musculocutaneous Flaps

As the name proposes, a musculocutaneous flap includes the overlying skin, its
subcutaneous tissue, and the muscle [10]. These flaps are used, for example, in
breast reconstruction or other deep or large defects, such as the latissimus dorsi
musculocutaneous flap or the transverse rectus abdominis musculocutaneous
(TRAM) [11].

Fasciocutaneous Flaps

Fasciocutaneous flaps include underlying the fascia, the skin, and the subcutaneous
tissue and are typically less bulky than musculocutaneous flaps. Thus, they do not
include any muscle but instead are based on vessels arising in fascial planes in
between or over the muscles. They are utilized to cover large superficial defects
when skin flaps are not sufficient to provide optimal coverage. The anterolateral
thigh flap used for perineal and genital skin defect is a common example of a fascio-
cutaneous flap [12].
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Osteocutaneous Flaps

When needed to replace missing bone in the head and neck area or the long bones
of the extremities, an osteocutaneous flap, which contains a bony component, is
used. The fibular free flap is an example of an osteocutaneous flap.

Complications

There are a series of complications that could appear with flap surgery including
seroma, hematoma, vascular compromise, surgical site infection, hematoma, and
complications specific to the donor site.

The most feared complication is vascular compromise that leads to flaps failure.
Failure to follow the angiosome concept of blood supply and poor flap design can
lead to partial flap loss. This is typically seen when the flap extends beyond the
anatomic boundary of the flap’s vascularity, i.e., when there is too much tissue
involved. Kinking or torsion of the vascular pedicle during transfer of the flap to the
recipient site can also lead to vascular compromise. Thrombosis of the artery or vein
is typically the cause of vascular compromise in free flaps. The blood supply is
monitored by clinically evaluate the color, capillary refill, bleeding, temperature,
edema, and appearance of the flap. A Doppler ultrasound is used to evaluate the
arterial and venous signals and can assist in improving the flap salvages rates
[13-16].

Recent studies show that tissue oximetry can detect vascular compromise before
clinical signs appear. Tissue oximetry has shown to decrease the rate of flap loss
from 2.9 to 0.4% [15]. In fact, using tissue oximetry can also reduce time spent in
an intensive monitoring setting from 24 to 15 h with significant cost savings and
minimal risk of missing a failing free flap [17-19]. Therefore, as a general rule, the
first 3 days postsurgery, both Doppler ultrasound and tissue oximetry can be used as
initial assessments to monitor flaps for vascular compromise. The frequency of
Doppler ultrasound monitoring is every 15 min for the first hour, every 30 min for
the second hour, every hour for the next 10 h, and subsequently with routine vital
signs every 4 h [15]. If vascular compromise is suspected, the patient should be
taken to the operating room for evaluation of the cause and consideration of revision
of the flap for salvage. Future technology is currently being assessed and studied to
discover new strategies for early recognition and intervention of vascular compro-
mise. These include near-infrared spectroscopy and smartphone and mobile appli-
cation including multimedia technology which in limited studies have shown to be
effective [20, 21]. However, randomized control trials are needed to establish the
utility and effectives of these methods in larger populations. If total flap necrosis is
detected, the flap needs to be removed. However, debridement and local wound care
can be sufficient for partial flap loss if the components of the wound with poor vas-
culature remains covered.Intraoperative vasospasm is a complication seen in flap
surgery. A common treatment modality to treat intraoperative vasospasm is with
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papaverine; however, shortage of this medication has frequently been seen and may
occur in the future. A recent study showed that substituting lidocaine or nicardipine
for papaverine to treat vasospasm did not demonstrate an increased rate of flap loss
or return to the operating room and thus making these two drugs safe and effica-
cious alternatives to papaverine [22].

Predicting future viability of tissue while still in the operating room would have
major impact on patient’s healthcare outcomes since surgeons will be able to inter-
vene perioperatively. To date, no studies have demonstrated a sufficient and accurate
method to evaluate tissue perfusion. However, recent studies performed on rats with
reverse McFarlane dorsal skin flaps showed that two 750-msec intraoperative near-
infrared (NIR) fluorescence images obtained at time O and at 5 min after injection
of indocyanine green accurately predicted skin flap viability 7 days postsurgery
[23]. HyperView™ is a technology that uses proprietary spectrometer to measure
light absorption in blood molecules to determine levels of oxyhemoglobin and
deoxyhemoglobin and oxygen saturation in superficial tissue. It is a handheld, por-
table diagnostic imaging device that can assess tissue oxygenation without contact-
ing the patient. The product is intended for use by doctors and healthcare
professionals as a noninvasive tissue oxygenation measurement system that reports
an approximate value of oxygen saturation, oxyhemoglobin level, and deoxyhemo-
globin level in superficial tissue [24].

Flap loss with associated morbidity could be a result of anastomotic thrombosis
if not identified and intervened on rapidly. NIR fluorescence imagery was studied in
Yorkshire pigs and was able to successfully evaluate flap perfusion and anastomotic
thrombosis intraoperatively. It identified large decreases in perfusion in the tissue of
the thrombosed flap within 2 min [25]. The use of an intraoperative, NIR fluores-
cence imaging system for evaluation of perforator location and flap perfusion was
first tried in human in 2010 in six subjects. Three dose levels of indocyanine green
were assessed using the fluorescence-assisted resection and exploration (FLARE)
imaging system. Here they used light-emitting diodes for fluorescence excitation, a
different system than the current commercially available ones. The operating sur-
geons were blinded to the imaging results. The trial was successful; however, due to
the of small sample size, the authors did not have sufficient power to detect statisti-
cal significance. Nevertheless, this trial demonstrated that NIR assessment of perfo-
rator flap for breast reconstruction is reasonable with a light-emitting diode-based
system. The dose that yields the best observed contrast-to-background ratio for
assessment of flap perfusion was 4 mg of indocyanine green per injection [26].

Spatial frequency domain imaging (SFDI) is a wide-field optical diagnostic tech-
nique that is intended to do a large area interrogation of the target tissue and could
measure and map absorption coefficients (za) and reduced scattering coefficients
(u's) in thick tissue such as the skin. SFDI presents a noncontact, objective method
of tissue oxygenation over a large field of view. A study done on hemifacial com-
posite flap compromise on Yorkshire pigs demonstrated that SFDI successfully cap-
tured changes in oxygenation parameters in all composite tissue flaps. Significant
changes in total hemoglobin, oxyhemoglobin, and deoxyhemoglobin were observed
relative to controls. The results of this study suggest that this technology could be a
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favorable tool in providing intraoperative guidance to pedicle vessel integrity.
Although further research on this essential topic is warranted, near-infrared fluores-
cence images and SFDI could be viable tools to predict future viability of tissue
[27]. In fact, a human pilot study was performed where three female patients under-
going unilateral breast reconstruction after mastectomy were enrolled to assess the
use of SFDI in perforator flap breast reconstruction. Tissue oxyhemoglobin concen-
tration, tissue deoxyhemoglobin concentration, and tissue oxygen saturation were
able to be detected with SFDI and suggest that SFDI has the potential to give intra-
operative oxygenation images during surgery in real time and potentially improve
clinical outcomes by preventing complications [28].

Perforator selection is critical for some surgical indication, such as bilateral deep
inferior epigastric perforator (DIEP) flap breast reconstruction, to minimize
perfusion-related flap complications. Kamali and colleagues showed that lateral
row-based perforators result in significantly less fat necrosis than medial row-based
perforators in bilateral DIEP flaps [29]. Moreover, recent data suggest that when a
lateral row perforator is added to a dominant medial row perforator, the risk of fat
necrosis decreases [29].
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Chapter 10
Perforator Flaps

Joon Pio (Jp) Hong, Donghoon Choi, and Hyunsuk (Peter) Suh

Evolution to Perforator Flap

Since the first flap from the days of Sushruta onto the middle ages and into the mod-
ern wars, evolution of the flaps continues [1]. From using various random pattern
skin flaps based on width and length ratio, surgeons slowly began to challenge this
idea and understood the function and importance of vascularization [2, 3]. This led
to the use of axial pattern flaps such as groin flaps [4, 5]. As skin flaps were being
accepted, the use of muscle flaps and musculocutaneous flaps for reconstruction
gained wider acceptance. These two new concepts in reconstructive surgery natu-
rally led to recognizing various different types of circulation to the skin entering the
deep fascia [6]. With the accumulated knowledge of the source of skin circulation
and the territory it supplies, this leads to an era of skin flaps [7]. Based on the ana-
tomical findings, elevation of the skin with its deep fascia represented a new vascu-
lar basis for flap design.

A fasciocutaneous flap includes the skin, subcutaneous tissue, and the underly-
ing deep fascia. The vascular supply is derived at the base of the flap from muscu-
locutaneous perforators or direct septocutaneous branches of major arteries.
Cormack and Lamberty classified fasciocutaneous flaps based on vascular anatomy
[8]. They are classified into the following: Type A flap is supplied by multiple fas-
ciocutaneous perforators that enter at the base of the flap and extend throughout the
longitudinal length; Type B flap has a single fasciocutaneous perforator; Type C flap
is based on multiple small perforators that run along a fascial septum; and Type D
flap is an osteomusculofasciocutaneous flap and is based on multiple small perforators
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similar to the Type C flap but also includes a portion of adjacent muscle and bone.
This classification basically recognizes the arteries which pass along intermuscular
and inter-compartmental fascial septa to reach the overlying deep fascia and in turn
the superficial fascia and skin. Thus, the concept of “perforator” is actually being
clinically used.

Nakajima et al. further expanded the types of fasciocutaneous flaps, in addition
to arteries which passed along intermuscular and inter-compartmental fascial septa,
into six different types of perforators piercing the deep fascia feeding to the plexus
of the skin [9]. This finding shows that any reasonable-sized artery piercing the deep
fascia can be used as a fasciocutaneous flap.

Although the actual “perforators” were being used since the fasciocutaneous
flaps, further refinements in application have led to the concept of perforator flaps.
Perforator flaps have evolved from musculocutaneous and fasciocutaneous flaps
without the muscle or fascial carrier. In 1989, Koshima and Soeda first used the term
“perforator flaps” in their harvest for the paraumblical skin and fat island flap based
on a muscular perforator [10]. Since then, perforator-based flaps using the lower
abdomen skin flaps were being applied for breast reconstruction [11, 12]. It was a
natural evolution as reconstruction needed fine-tuning while aiming to minimize
donor morbidities [13]. A good example of this evolution would be the change from
transverse rectus abdominis muscle (TRAM) flap to muscle sparing TRAM to deep
inferior epigastric perforator (DIEP) flaps. Slowly other perforator-based flaps were
being introduced from various parts of the skin.

Transformation of these flaps has shown that neither a passive muscle carrier nor
the underlying fascial plexus of vessels is necessary for flap survival [10]. Thus, a
perforator flap, although nomenclature is still under debate, can be generally
accepted as a skin flap (with or without fascia) based on a single perforator [14].

Nomenclature

The nomenclature of perforator flaps deserves a separate section as it is confusing
and oftentimes misstated. Perforator flaps have been named based on their location
(e.g., anterolateral thigh, ALT, flap), arterial supply (e.g., superficial circumflex iliac
artery perforator, SCIP, flap and deep inferior epigastric artery perforator, DIEP,
flap), or the muscle of origin (e.g., gastrocnemius perforator flap). While Hallock
simply defines a perforator as any vessel that pierces through the fenestration in the
deep fascia regardless of origin, Wei et al. promote the concept of a true perforator
flap which is only a perforator passing through a muscle segment [14, 15]. Thus, a
clear definition and classification for perforator flap were needed. Despite the debate
and confusion, a consensus document for perforator flaps terminology was reached.
It stated a perforator that pierces through the deep fascia without traversing any
other structural tissues were called direct perforators while indirect perforators run
through deeper structures such as the muscles, septum, and perimysium [16].
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A - Direct cutaneous

B - Direct septocutaneous E - Septocutaneous perforator

C - Direct cutaneous branch  F - Musculocutaneous perforator
of muscular vessel S - Source vessel

D - Perforating cutaneous X - Deep fascia

branch of muscular vessel

Fig. 10.1 The gent consensus paper simplified it into five types of perforator based on the surgical
approach for dissection of the perforators

Evolved from the six patterns of fascial perforators of Nakakima et al., the consen-
sus paper simplified it into five types of perforator based on the surgical approach
for dissection of the perforators (Fig. 10.1): Type 1, direct perforators perforate the
deep fascia only; Type 2, indirect muscle perforators predominantly supply the sub-
cutaneous tissues; Type 3, indirect muscle perforators predominantly supply the
muscle but have secondary braches to the subcutaneous tissues; Type 4, indirect
perimysial perforators travel within the perimysium between muscle fibers before
piercing the deep fascia; and Type 5, indirect septal perforators travel through the
intermuscular septum before piercing the deep fascia. Based on this distinction of
different perforators, the consensus paper gives definitions and classification for
perforator flap as the following:

Definition 1. A perforator flap is a flap consisting of the skin and/or subcutaneous
fat. The vessels that supply the blood to the flap are isolated perforator(s). These
perforators may pass either through or in between deep tissues (mostly muscle).

Definition 2. A muscle perforator is a blood vessel that traverses through the septum
to supply the overlying skin.

Definition 3. A septal perforator is a blood vessel that traverses only through the
septum to supply the overlying skin.

Definition 4. A flap that is vascularized by a muscle perforator is called a muscle
perforator flap.
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Definition 5. A flap vascularized by a septal perforator is called a septal perforator
flap.

Definition 6. A perforator flap should be named after the nutrient artery or vessels
and not after the underlying muscle. If there is a potential to harvest multiple
perforator flaps from one vessel, the name of each flap should be based on its
anatomical region or muscle.

This terminology and the classification into indirect and direct perforator flaps
and further into septal and muscle perforator flaps were set up to clearly identify the
course of these small terminal branches before they pierce the deep fascia and the
technical implications during the surgical procedure [16]. However, recent innova-
tions in this field have made some of the terminology and classification somewhat
misleading. An example would be when using short pedicled flaps where source
vessel cannot be determined. As with all evolution, new classification and terminol-
ogy need to be updated.

Perforasome Concept

Like the angiosome concept showing the vascular territory of a source vessel, one
must understand the anatomy and physiology of a single perforator territory to
obtain the ideal design of the perforator flap [7]. The perforasome theory by Saint-
Cyr reported four major characteristics of a perforator flap: (1) Each perforasome is
linked with adjacent perforasomes by means of direct and indirect linking vessels;
(2) flap design and skin paddle oriental should be based on the direction of the link-
ing vessels, which is axial in the extremities and perpendicular to the midline in the
trunk; (3) filling of the perforasomes occurs within perforasome of the same source
artery first followed by perforators of the other adjacent source arteries; and (4)
mass vascularity of a perforator found adjacent to an articulation is directed away
from that same articulation [17].

This theory provides insights to perforator flap vascularity and can clinically
guide to harvest a safer free or pedicle perforator flap.

Clinical Application

Preoperative Evaluation

When secondary intension healing is not enough, then plans for reconstruction are
prepared. The initial evaluation of the wound involves visual and manual examina-
tion. An examination on the location, size, depth, and character of the wound is
made. When vital structures such as the bone, tendons, joints, viscera, and majors
vessels are exposed, timely coverage is essential. Frequently, negative wound
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pressure therapy with or without skin grafts may not be enough to prevent second-
ary complications such as osteomyelitis, desiccation and loss of tendon function,
contracture of joint region, bowel perforation, and rupture of vessels. These cases
will warrant coverage with a well-vascularized tissue to prevent further complica-
tions and to obtain healing. Detailed evaluation of neurological deficit as well as
vascular and skeletal status has to be performed to develop a plan for reconstruction.
Also, the presence of comorbidities including smoking, diabetes, obesity, and
peripheral vascular disease should be accounted for. Through the detailed evalua-
tion, it will allow to address the local wound, formulate a feasible reconstructive
plan, and foresee the final outcome. One must also take the socioeconomic status,
rehabilitative potential, patient’s motivation, and compliance into consideration as
the whole process prior and after reconstruction may be complex and time-consum-
ing for the patient.

The first and the foremost important evaluation when considering not only per-
forator flap but any reconstruction is to examine the vascular status. Any flap used
will require a stable vascularity to the flap and also will require a recipient vessel
when planning a free flap. If the wound is in the extremity, physical examination of
palpable pulse, color, capillary refill, and turgor of the extremity allows assessing
initial status. Acoustic Doppler and duplex scans can be used to obtain additional
information. The use of preoperative arteriography is considered when physical/
Doppler exam reveals inconclusive vascular status, chronic vascular disease is sus-
pected, and/or previous history of trauma is noted. The use of computed tomo-
graphic angiography may especially be useful not only to obtain vascular information
of the recipient region but can provide perforator information of the donor flap
facilitating the planning and the surgical procedure [18, 19].

The perforator flap can be harvested on three planes. The first plane of elevation
is subfascial (under and including the deep fascia, same as fasciocutaneous flap),
second plane is suprafascial (above the deep fascia without including the deep fas-
cia), and the third plane is a relatively recently identified plane which is on the
superficial fascia located between the deep and the superficial fat. Each plane pro-
vides unique properties to the flap allowing tailored harvest according to the char-
acter of the defect. The subfascially elevated flap with its deep fascia can be used to
reconstruct tendon defects, and the suprafacially elevated flap can provide extra fat
bulk for a deeper defect [20]. When the flap is elevated on the superficial fascia, it
can be thin and pliable adequate for resurfacing skin only defects [21]. Although
elevation on different planes can be technically demanding, it will provide tailored
approach for each defect.

Debridement and Wound Preparation

The importance of debridement can never be overstated. It is undoubtedly the most
important step in the whole process during reconstruction. Debridement must cover
the devitalized soft tissue and bone and be performed until fresh bleeding is noted.
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Table 10.1 Widely used perforator flaps

Abbreviation | Full name of flap Nutrient artery
ALT Anterolateral thigh perforator | Descending branch of lateral femoral
circumflex vessels

DIEP Deep inferior epigastric Deep inferior epigastric vessels
perforator

TAP Thoracodorsal artery Thoracodorsal artery vessels
perforator

SCIP Superficial circumflex iliac Superficial circumflex iliac vessels
artery perforator

SGAP Superior gluteal artery Superior gluteal vessels
perforator

IGAP Inferior gluteal artery Inferior gluteal vessels
perforator

ICAP Intercostal perforator Intercostal vessels

SAP Sural artery perforator Sural vessels

AMT Anteromedial thigh perforator | Innominate branch of descending branch of

lateral femoral circumflex vessels

IMAP Intercostal mammary artery Intercostal mammary vessels
perforator

PAP Profunda femoris artery Profunda femoris vessels
perforator

Multiple stages of debridement may be needed to achieve adequate wound bed prior
to soft tissue coverage. The details of debridement have been discussed in the previ-
ous chapter.

When the wound is not sufficient enough to undergo reconstruction, the vacuum-
assisted closure can be used to optimize the wound bed and minimize dressing
changes until definitive reconstruction. It must be used with caution and in conjunc-
tion with serial debridement. It does not replace surgical debridement and should
not be used in heavily contaminated wound with necrotic tissues.

Selection of Flap

Perforator flaps can be used both as a local and free flap depending on the defect’s
location, size, composition, and the availability of the perforator around the defect.
Some of the popular perforator flaps are listed in Table 10.1.

Perforator Flap as a Local Flap
The perforator flap concept overcomes the limits of classical local flaps and further

widens the application. The planning for the local perforator flap begins with a
handheld Doppler marking the potential perforators as a pedicle for the flap. The
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freestyle approach identifying the perforator and further dissecting toward the
source vessel allows improved movement and better flap outcome [22, 23]. The
propeller flap is one of the most commonly used pedicled island perforator flap
which reaches the recipient site through an axial rotation [24]. When a perforator
propeller flap is being elevated, the perforator is dissected free from the fascial and
fat adhesions to minimize the chance of kinking. Although less rotation less the
chance for kinking, the skin island may be safely rotated up to 180 degrees.

An example of perforator flap overcoming the limitations of classical flaps can
be shown with reconstructing the sacral sore. A classical approach would be to use
a fasciocutaneous or a musculocutaneous V-Y advancement flap for reconstruc-
tion. However, there are many limitations in this approach. The insertion of the
gluteus maximus muscle may be divided leading to further muscle dysfunction,
high tension on the midline of the sacrum is often noted after setting the flap lead-
ing to dehiscence, and when the defect is large, bilateral V-Y flaps have to be used.
On the contrary, the local perforator flap will allow multiple flap designs based on
various perforators around the defect, minimizes muscle sacrifice, increased arc of
rotation, and superior aesthetic outcome. The similar can be said about thigh
defects. Using the perforator flaps allows having increased ranges of motion of
flaps with good aesthetic outcome. Figure 10.2 shows a patient with a 14 x § cm
defect after cancer resection on the middle and lower thigh. A perforator flap is
designed based on the preoperative Doppler findings. If a CT angiogram is used,
multiple perforators leading to the gluteal skin can be noted, and this may facilitate
the selection for perforators. After exploring the perforator and confirming a strong
pulse, the rest of the flap is designed. An 18 x 8 cm flap is designed. The length of
the flap is determined based on the measurement from the perforator to the edge of
the defect. The same length is then marked from the perforator to the distal edge
of the flap (A). The width is designed as the size of the defect while considering
the shape of the defect as well as the closure of the donor site. The next step is to
identify a viable perforator. If the perforator is near, a subfascial elevation of the
flap can be made to identify the perforator. If this is not feasible, a small explor-
atory incision can be made along the anticipated design. When there are multiple
perforators, several factors can be considered to choose the optimal perforator:
perforator allowing flap design with tension-free closure of the donor site, one
nearer to the defect to minimize the extent of the design, and visual inspection of
the perforator with the greatest pulse and large caliber. Among these factors, I
personally consider the perforator pulse and caliber to be the most important. After
choosing the perforator, final modification of the flap design can be made. The flap
can be elevated subfascially (as a fasciocutaneous flap) or suprafacially based on
this perforator and then rotated to cover the defect. In this case, a suprafascial
approach was made based on a single perforator (B). Prior to rotation or if reduc-
tion in perfusion is suspected after rotation, dissection around the pedicle should
be performed while ligating the branches and fascial tissues that may cause kink-
ing of the perforator when rotated. A meticulous dissection toward the source ves-
sel often requires skeletonizing the muscular portion of the perforator, and this
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Fig. 10.2 An 18 x 8 cm
perforator flap is designed
after cancer resection. The
length of the flap is
determined based on the
measurement from the
perforator to the edge of
the defect. The same length
is then marked from the
perforator to the distal
edge of the flap (a). After
the identification of a
reliable perforator, the rest
of the flap design is made
and elevated (b). After
rotation of the perforator
flap, the flap is secured on
the desired location and the
donor closed primarily (c).
Further follow-up at

6 months reveals a
well-maintained
reconstruction (d)

J.P. Hong et al.
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may be easily performed under a microscope. Although a local perforator flap is a
non-microsurgical procedure, the use of microsurgery in certain stage of elevation
helps to achieve a finer result. The rotation angle can be maximum of 180°, but
choosing the right perforator may spare the flap from maximal rotation to reduce
the chance for vascular complication. It is imperative that the perforator is tension
free. If the reach of the flap is not enough after the rotation, one can dissect further
to include the source vessel to increase the mobility of the flap. This will allow not
only to rotate but to achieve advancement as well. After rotation of the perforator
flap, the flap is secured on the desired location and drains are used if necessary (C).
The donor site is then closed primarily. Further follow-up at 6 months reveals a
well-maintained reconstruction (D).

The local perforator flaps can be used to cover wounds throughout the body.
There are more than 400 perforators that can be used to cover defects locally [25,
26]. This approach provides alternative solutions especially for the posterior and
anterior trunk wounds [17, 27-29]. When large defects involving the midline of the
trunk are seen, it becomes very difficult to reconstruct. Using the muscle flaps in
the posterior trunk achieves adequate coverage after debridement in majority of
the wounds, but it may be difficult to cover wounds located medially and risks
deterioration of function of the back. If one perforator flap is not enough to cover
the defect, using multiple propeller flaps in conjunction with random pattern flaps
in a freestyle approach can achieve tension-free closure by distributing the tension
to multiple flaps [28, 29]. The same approach can be used for extremity as well.
Most of the thigh defects can be covered with one or two perforator local flaps.
However, in sizable defects of the lower leg and foot, primary closure of the donor
site is difficult to obtain and frequently requires skin grafts. One must also be pru-
dent when planning a perforator flap on the leg as patients with chronic disease
such as diabetes or peripheral vascular disease may have calcified vessels and thus
poor supply to the perforator. In these cases, duplex can be used to visualize the
actual function of the perforator and can give accurate information compared to
the handheld Doppler. Nevertheless, when there is adequate vascular supply, local
perforator flaps are a quick and simple solution to difficult problems. Figure 10.3
shows a 75-year-old patient with a diabetic foot ulcer of 4 x 4.3 cm defect of the
medial aspect of the foot (A). Preoperative Doppler was used to trace possible
perforators around the defect. After complete debridement including part of the
bone, a perforator flap was designed with an 8 x 4 cm dimension (B). An explor-
atory incision is made first to confirm the viability of the marked perforator. If the
perforator is deemed feasible based on the caliber and the pulsation of the pedicle,
final modification of the design is made based on the location of the perforator. The
flap is then elevated and rotated. Usually in the foot when using perforator flaps, it
becomes very difficult to close the donor defect primarily. A small skin graft can
be used. The patient at 12 months follow-up shows good contour and viability of
the flap (C).
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Fig. 10.3 A 75-year-old patient with a diabetic foot ulcer of 4 x 4.3 cm defect of the medial aspect
of the foot is presented (a). Preoperative Doppler was used to trace possible perforators around the
defect. After complete debridement including part of the bone, a perforator flap was designed with
an 8 x 4 cm dimension (b). If the perforator is deemed feasible based on the caliber and the pulsa-
tion of the pedicle, final modification of the design is made based on the location of the perforator.
The flap is then elevated and rotated. A small skin graft can be used to assist closure on the donor
site. The patient at 12 months follow-up shows good contour and viability of the flap (c)
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Perforator Flap as a Free Flap

When defects are large, extensive, vital structures or implants exposed and require
composition of multiple tissues, perforator flaps can be used as free flaps. Based on
the idea of freestyle flap, a perforator can supply a corresponding region of the skin
and be used as a flap [23]. Thus any perforator can be used as a perforator flap espe-
cially as a free flap. In order to obtain adequate pedicle length, the perforator may
be dissected toward the source vessel and frequently harvested with the source ves-
sel. When the perforator is passing through a muscle, the dissection can be tedious
and time-consuming. Nevertheless, the advantage of harvesting a thin skin, long
pedicle, and minimizing muscle function deficit makes this flap very useful.

Again, one of the most critical steps after debridement is vascular status of the
defect and selecting the recipient vessel. In wounds with ischemia or wide zone of
injury, this can be a challenging task. The zone of injury, thrombogenic zone, is
known to extend beyond what is macroscopically evident, and failure to recognize
the true extent of this zone is cited as a leading cause of microsurgical anastomotic
failure. It is difficult to find an adequate recipient vessel due to perivascular changes
such as increased friability of vessels and increased perivascular scar tissue. This
may lead to difficult dissection of recipient vessels and higher incidence of throm-
bosis after anastomosis [30]. But in clinical situations, determining the actual zone
of injury becomes difficult not just the area but also the depth. Isenberg and Sherman
demonstrated that clinical presentation of recipient vessel (vessel wall pliability and
the quality of blood from transected end of vessel) was more important than the
distance from the wound [31]. This idea was further supported by successful anas-
tomosis of perforator to perforator adjacent to or within zone of injury [32]. Based
on these findings, one of the most important factors in selecting the recipient vessel
may be the vascular quality itself.

Figure 10.4 present a 53-year-old patient with diabetic foot ulcer on the left lat-
eral ankle. The patient’s habit of sitting on the floor with cross leg created and
aggravated the wound on the nonsensate ankle. Initially with joint capsule exposed
and a dirty large dead space, the ulcer underwent multiple debridement with appli-
cation of negative pressure wound therapy to prepare the wound for reconstruction.
The wound was presented with relatively good granulation with a size of 7 x 8 cm
defect prior to reconstruction. The preoperative vascular exam which warranted CT
angiogram showed some proximal artery segments with calcification but relatively
well-preserved foot arteries (B). The anterior artery and vein being proximal to the
defect were chosen as recipient vessels. After complete debridement, the anterior
tibial artery and vein were exposed and checked with good pulsation. The final
defect became slightly larger, but the recipient vessel being near the defect did not
require a long pedicle flap. Thus SCIP (superficial circumflex iliac artery perforator)
flap was chosen as the flap of choice. A 6 x 9 cm SCIP flap was designed on the
ipsilateral groin (C). The SCIP flap is elevated as described in literature.[33]. The
flap is elevated along the inferior and lateral borders under 3.5X loupe magnifica-
tion. The dissection plane, which is identified most clearly inferolaterally, lies on
the superficial plane, in between the superficial and deep fat [34]. There is a distinct
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Fig. 10.4 A 53-year-old patient with diabetic foot ulcer of 7 x 8 cm defect on the left lateral ankle
is presented after multiple debridements (a). The preoperative CT angiogram showed some proxi-
mal artery segments with calcification but relatively well-preserved foot arteries (b). A 6 X 9 cm
SCIP (superficial circumflex iliac artery perforator) flap was designed elevated from the ipsilateral
groin (c¢). The patient at 3 years follow-up shows a flap with good contour and donor site with
acceptable scar (d)

white fascial layer separating the smaller fat lobules from the deeper, larger fat lob-
ules. This is much clearer in a patient with a higher BMI. Superficial lymphatics and
lymph nodes are spared as they are found in the deeper adipose tissue. A bloodless
field, essential so that staining of the tissue does not interfere with the identification
of the perforators, is achieved through diathermy needle dissection. Elevation pro-
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gresses from lateral to medial, and the deep (and more lateral) branch from the super-
ficial circumflex iliac artery (SCIA) is identified first followed by the superficial
(and more medial) branch. Perforators are skeletonized toward the deep fascia and
examined for their suitability. The deep branch is clamped to assess for sufficiency
of the corresponding superficial branches. If the perfusion of the flap continues to be
sufficient, the deep branch is ligated and the flap is raised on the superficial branch.
Pedicle dissection is performed in freestyle retrogradely toward the SCIA. The deep
fascia can be incised to obtain a longer pedicle length and larger vessel diameter. A
superficial vein running from the ASIS toward the pubis is normally identified, and
this is preserved. It is often that the accompanying venae drain into the superficial
vein. In cases where there is a small or absent superficial vein, the commitante vein
is usually of a larger caliber. In cases where the donor vessels are small, dissection
is done under the microscope. The average time for flap harvest is 45 min (range,
30-60 min). After elevation, the SCIP flap is taken to the recipient site for anasto-
mosis to the recipient vessels. The artery of the SCIA was anastomosed in end to
side to the anterior tibial artery and the superficial vein end to end to the accompa-
nying vein. The flap is then secured with a small drain underneath the flap. During
the postoperative period, not only the flap but the patient should be monitored as a
whole. It is especially important to monitor hemodynamic and pulmonary function
as adequate hydration and oxygenation are critical to flap survival. Input and output
of fluid should be monitored closely as distal perfusion is primarily affected by
hypotensive episodes. Patients who have chronic renal failures and require assis-
tance of dialysis often remove large volumes and can make fluid maintenance dif-
ficult. Limiting range of motion may be needed for flaps covering the joints as
extension or flexion may increase the tension of the pedicle. Monitoring flaps, espe-
cially free flaps in the first 72 h, is essential due to the high chance of salvage when
the flap falls into vascular compromise [35]. There is no ideal method of flap moni-
toring, but recent techniques such as tissue oxygen measurement, implantable
Doppler device, laser Doppler flowmetry, and fluorescent dye injections may assist
the judgment made from clinical evaluation which remains as the golden standard
of monitoring. The patient at 3 years follow-up shows a flap with good contour and
donor site with acceptable scar (D).

There are few special circumstances where debridement and coverage may war-
rant different approach. The first case is wounds with exposed hardware. Traditional
method to manage exposed hardware includes irrigation, debridement, antibiotics,
and likely removal of hardware. However, several factors should be taken into
account to manage exposed hardware before considering for removal which may set
back the treatment plan. Factors such as location of the hardware, infection (type of
bacteria and duration of infection), duration of exposure of hardware, and hardware
loosening should be considered as important prognostic factors for successful man-
agement of exposed hardware [36]. In this retrospective review by Viol et al., they
have concluded if hardware is clinically stable, time of exposure is less than 2 weeks,
infection is controlled, and the location of the hardware is for bony consolidation,
then it may increase the likelihood of salvage of hardware using surgical soft tissue
coverage [36].
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Perforator flaps are now being widely used to cover various defects that involve

skin defect from trauma, cancer resection, diabetic foot ulcers, and others. Perforator
flap, like with like, coverage provides the following advantages:

AW N —

AW N —

. Reduced donor site morbidity

. Versatility in flap design

. Muscle sparing (less functional deficit)

. Improved postoperative recovery of the patient

Disadvantages of perforator flaps may include:

. Meticulous dissection needed to isolate the perforator vessels

. Increased operative time especially in muscle perforators

. The variability in the position and size of the perforator vessels
. Steep learning curve
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Chapter 11
Free Tissue Transfer

Benjamin J. Mitchell, Michael V. DeFazio, and Karen Kim Evans

Introduction

Free tissue transfer (FTT) has emerged as the workhorse for reconstructing complex
wounds of various etiologies throughout the body. Microvascular FTT is the auto-
transplantation of isolated tissue on a vascular supply that is initially dependent on
the anastomosis of the feeding artery and draining vein to the corresponding
recipient-site vessels. Free flaps may contain numerous tissue components (i.e.,
skin, subcutaneous fat, fascia, muscle, bone, or any combination thereof) and may
be supplied by one or more distinct vascular pedicles. The composition of such flaps
is determined by a number of factors, notably donor- and recipient-site characteris-
tics, as well as aesthetic and functional requirements, among others. Given their
versatility, free tissue constructs often provide the most complete solution to meet
the unique reconstructive demands, capacity, and goals of each patient. FTT should
be considered as an early management option for coverage of complex wounds.

The first experimental free flaps based on superficial epigastric vessels were
performed on dogs and reported by Krizek et al. in 1965 [1]. Daniel and Taylor
introduced the first well-described free flap in 1972 when they published on the
groin flap [2]. Over the ensuing decades, new flaps emerged and indications for their
use were developed. During this progressive period, the primary focus of microvas-
cular surgery evolved from anatomical classification and flap survival to include a
more patient-centric focus on functional and aesthetic outcomes, donor-site morbid-
ity, and microsurgical technique.
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The introduction of the angiosome concept by Taylor and Palmer in 1987 signifi-
cantly enhanced our understanding of tissue perfusion by source vessels throughout
the body [3]. However, with the popularization of perforator flaps and
supermicrosurgery techniques, the impetus of vascular knowledge has migrated
from the source artery to the perforator itself. A perforator is a vascular branch that
penetrates the deep fascia to supply the overlying skin territory. Perforator flaps dif-
fer from conventional fasciocutaneous flaps in that they are harvested above the
deep fascial plane using a retrograde “freestyle” dissection technique that permits
the elevation of ultrathin, (i.e., suprafascial) skin flaps for precise contour resurfac-
ing [4]. In general, nearly any perforator in the body may serve as the source vessel
for a local pedicled (propeller) or free flap. The use of perforators as source vessels
allows for increased flexibility in flap design, greater accuracy of flap harvest,
decreased concern over anatomic variability of source vessels, and decreased donor-
site morbidity [5]. In 2009, Saint-Cyr et al. introduced the “perforasome theory” in
which anatomical and perfusion characteristics were detailed for clinically relevant
perforators throughout the body [4].

Over the past several decades, increasing emphasis placed on function, aesthet-
ics, and quality of life has shifted the expectations of patients with debilitating phys-
ical deformities. This change in paradigm has redefined the role of FTT as a primary
solution for complex congenital, traumatic, metabolic, and/or oncologic defects
involving the head and neck, trunk, and extremities. Further application of micro-
surgical principles and techniques has significantly improved the treatment of
lymphedema and enabled advancements in facial reanimation, limb salvage, and
composite tissue allotransplantation alike. Advances in technology, experience, and
knowledge of vascular anatomy over time have generated free flap success rates in
the range of 95.9-99% at high-volume centers [6, 7]. With the ever-expanding indi-
cations for microsurgery and evolving standards for success, specialized training in
the evaluation and management of microsurgical candidates, operative planning,
and execution of advanced microvascular techniques have become critical to the
provision of state-of-the-art care for reconstructive patients.

This chapter will focus on the factors that guide successful microvascular recon-
struction including preoperative evaluation, patient selection, the relevant anatomic
and intraoperative considerations for commonly utilized flaps, as well as postopera-
tive monitoring and care of the free flap patient.

Indications for Free Tissue Transfer

Free flap reconstruction has proven to be a safe and effective method for achieving
wound closure and multifaceted structural repair. FTT is indicated for the recon-
struction of complex, composite defects and wounds with exposed vital structures
(i.e., vessels, nerves, tendons, bones, joint space, etc.) when simpler or local options
for coverage are either unavailable or inadequate to achieve structural and/or func-
tional restoration [5]. In many cases, local or regional tissue may be unsuitable due
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to infection, inflammation, trauma, irradiation, insufficient volume or surface area,
insufficient vascular pedicle length, and/or unsuitable morbidity at the donor site
[8]. Free flaps are favored because they have greater versatility in tissue composi-
tion and orientation (i.e., no restrictions on the distance of flap transfer as with
pedicled flaps) and may allow for more complex reconstructions to be performed in
single operations. Other indications include hand and digit replantation, functional
muscle transfer (i.e., such as in the case of facial nerve paralysis), vascularized bone
and/or lymph node transfers, and irradiated wounds.

Traditionally, reconstructive surgery has followed the concept of the “recon-
structive ladder.” This algorithm promotes the progression of increasingly complex
reconstructive modalities to address wounds. As technology and technique have
improved, this idea has given way to the “reconstructive elevator”” which asserts that
the most appropriate option to meet the reconstructive demands for a given wound
should be chosen [9]. Simply put, FTT is now considered a first-line solution for
select complex and/or composite defects and is no longer reserved as measures of
last resort. This early implementation of more sophisticated techniques has contrib-
uted to the overall higher success rates and superior reconstructive results that are
currently being reported. The more recent idea of the “reconstructive matrix” adds
another dimension to the reconstructive algorithm by taking into account surgical
complexity, sophistication of available technology, and the individual patient’s sur-
gical risk and medical comorbidities [9].

FTT holds various advantages over other reconstructive options. Wound healing
by secondary intention is lengthy, often leaves significant scarring, and has a high
revision rate. Skin grafts and dermal regenerate templates require well-vascularized
wound beds and may be complicated by scar adhesions and contracture develop-
ment. Advantages over pedicled or local flaps include avoiding donor-site morbidity
or surgical trauma to a region with an existing burden; preserving local blood flow
through both major and collateral vessels; and providing well-vascularized tissue
that will promote healing, reduce infectious risk, and enable coverage of large
wounds [6]. Pedicle flaps may also be limited by arc of rotation and may require
prolonged immobilization postoperatively. Further, most composite reconstructions
are more appropriately designed as free flaps. FTT should always be evaluated and
considered early in the treatment assessment if it may increase the chances for a
better outcome.

There are no consistently established absolute contraindications to microsurgical
reconstruction. Microsurgery practice is typically driven by observational studies
and conventional wisdom passed from surgeon to surgeon due to various factors that
limit the statistical power for generating level 1 evidence [10]. Based on the trends of
lower-level evidence, however, one can ascertain that several factors of preoperative
patient selection that were previously believed to be absolute contraindications in
microvascular surgery may be compatible with FTT. Age, smoking, obesity, and
peripheral vascular disease are several conditions that should not rule patients out for
FTT. Rather, control over these conditions should be optimized to reduce rates of flap
failure. As an example, smoking does not influence anastomotic patency rates but
does negatively impact the healing of the wound and flap interface [10]. Patients



172 B.J. Mitchell et al.

should be counseled to stop smoking 4 weeks prior to reconstruction to decrease the
incidence of perioperative complications compared with active smokers [10].
Comorbidities that are uncorrected and impede wound healing tip the balance away
from the high success rates that FTT enjoys today. Thus, it is important to counsel
patients to appropriately address these issues prior to reconstruction.

Recent introduction of supermicrosurgery principles and techniques has further
expanded the indications for microvascular reconstruction in patients with severe
peripheral arterial disease [11]. Masia et al. defined supermicrosurgery as microsur-
gery with application to vessels under 0.8 mm in size [12]. As such, supermicrosur-
gery targets the use of appropriately selected collateral perforators as potential
recipient vessels, thereby permitting perforator-to-perforator anastomosis in the
absence of available major vessels. The use of small vessels or perforators from
well-vascularized adjacent angiosomes will provide sufficient perfusion to facilitate
coverage of moderately sized defects in regions of localized ischemia [11]. In dia-
betic patients with advanced peripheral arterial disease, the implementation of
supermicrosurgical techniques has improved rates of flap success to 90.5% and
overall limb salvage rate during follow-up to 93.7% [13].

Preoperative Considerations

When assessing patients’ candidacy for FTT, there are many factors and consider-
ations that should be addressed in the preoperative period that will determine
whether a free flap is an appropriate option and, if so, the course of treatment.
Central to this process is addressing wound etiology and comorbidities, wound opti-
mization and infection control (i.e., debridement, culture-directed antibiotic ther-
apy, etc.), evaluation and/or establishment of adequate blood supply, proper
nutrition, and lifestyle modifications (i.e., smoking status, hygiene, etc.).

Patient Selection

Considerations must be made for comorbidities that may influence wound healing.
Pertinent comorbid diseases include cardiac disease, renal disease, infection, vascu-
lopathy, diabetes, neuropathy, venous hypertension, lymphatic obstruction, immu-
nological deficiency, hypercoagulability, connective tissue disease, malnutrition,
autoimmune disease, vasospasm, neoplasm, and psychiatric illness [14]. Often
times, multiple comorbidities must be accounted for. Discovery of some of these
comorbidities relies on thorough history taking and patient evaluation. The presence
of autoimmune conditions such as rheumatoid arthritis, pyoderma gangrenosum,
systemic lupus erythematosus, and scleroderma is frequently associated with
inflammatory wounds that initially necessitate medical management [14]. In the
same way, managing coagulopathies in patients with vasculitic wounds is important
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for proper flap integration and wound healing. Furthermore, thorough preoperative
evaluation by an anesthesiologist is necessary to ensure that patients are healthy
enough to withstand a prolonged operation under general anesthesia.

Effective assessment for FTT also necessitates a thorough history and examina-
tion of the wound site. Previous treatment (including failed reconstructive attempts),
origin, and age of the wound should be determined. An example of the importance
of such is the use of prior topical therapy (i.e., hydrogen peroxide, 10% iodine,
Dakin’s solution, etc.), which can be caustic and contribute to wound chronicity and
evolution [14]. Furthermore, a complete list of medications should be obtained as
certain medications (i.e., steroids, chemotherapeutic agents, anticoagulants, etc.)
may impede wound healing and/or cause excessive hemorrhage. Nutritional status
should be improved to promote healing (albumin >3.5 g/dL and/or total lymphocyte
count >1500) [14]. Glucose levels should ideally be <200 mg/dL perioperatively,
and HgbAlc should be less than 8.0 prior to any elective reconstruction [14].
Smoking significantly decreases local cutaneous blood flow, and patients should be
counseled on its deleterious effects toward wound healing. Given the complexity of
various disease processes, multiple specialties are often called upon to assist in
optimizing the patient’s medical condition for wound healing. The multidisciplinary
approach to preoperative evaluation of free flap candidates must be appreciated.

Physical examination of the wound should include consideration of the wound’s
etiology, dimensions, location, and determination of exposed or damaged structures
[5]. The various tissue types involved in the wound should be noted (i.e., epidermis,
dermis, subcutaneous tissue, fascia, muscle, tendon, joint capsule, bone, etc.). Any
infection needs to be clinically noted for character and extent so the progress of the
infection, response to treatment, or resulting tissue death can be followed.

For limb reconstruction, functional assessment of the extremity, including the
patient’s current and anticipated level of activity, must also be considered. This will aid
in both the determination of whether a free flap is warranted and appropriate for flap
selection. In these cases, a sensorimotor examination should be conducted to evaluate
protective sensation in the areas surrounding the wound as well as to gauge the strength
and range of motion of the affected limb. Sensibility impairments are helpful in deter-
mining wound etiology and assessing the need for offloading, postoperatively [15].

Differences in patient characteristics also influence preoperative evaluation and
planning. For example, trauma patients are typically younger and healthier com-
pared to the highly comorbid diabetic limb salvage or cancer patient. These differ-
ences influence decision-making on issues such as timing of reconstruction, flap
selection, and postoperative management.

Vascular Workup

Ensuring adequate perfusion to the wound bed is essential for facilitating wound
healing and planning successful FTT. Bipedal pulse examination and detection of
a biphasic or triphasic audible Doppler signal, using a handheld device, signals the
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adequacy of blood flow to support proper healing. Doppler studies may be used in
conjunction with other modalities such as pulse volume recordings (PVRs), seg-
mental pressures, tissue oxygenation pressure, and duplex imaging in order to
characterize the vascular network with more accuracy. If these noninvasive tests
suggest ischemia, an arterial imaging study should be performed to determine if
vascular intervention is necessary. Newer endovascular techniques allow for direct
and indirect revascularization with dilatation, recanalization, and arthrectomy of
stenosed or obstructed arteries in patients who are poor candidates for open vascu-
lar bypass [16].

DeFazio et al. suggested that all patients with non-palpable pulses and absent or
monophasic Doppler sounds (i.e., suggestive for ischemia) should obtain a diagnos-
tic angiogram in preparation for microvascular reconstruction [16]. This provides
an accurate anatomical representation of blood flow. In scenarios where interven-
tion is needed, targeted percutaneous transluminal angioplasty (PTA), with or with-
out stent placement, can be performed in the same setting to restore both direct and
peripheral inflow [14]. Such a strategy eliminates the need for separate diagnostic
(i.e., computed tomographic angiography) and therapeutic procedures. PTA can
also be used in a targeted fashion to improve recipient vessel caliber in locations
where calcifications, occlusions, and stenosis complicate microvascular anastomo-
sis [14]. The success of this protocol in patients with multivessel disease may indi-
cate a role for the use of targeted endovascular therapy as an adjunct to FTT in areas
of diminished distal blood flow [16].

In cases of perforator flap reconstruction, most surgeons use the handheld
Doppler to identify viable perforators; however, other preoperative imaging tech-
niques may also be useful. Preoperative perforator mapping with duplex ultrasound
confirms the velocity of arterial flow near the recipient site and enhances the safety
and efficiency of flap harvest through precise identification of relevant donor perfo-
rators. In general, a peak systolic velocity greater than 15-20 cm/s defines the mini-
mum criterion threshold for donor and/or recipient artery selection [13]. Other
modalities popular in some institutions include the routine use of CTA to identify
the largest perforators prior to surgery. Although cost may be prohibitive, noninva-
sive computed tomographic angiography provides additional information regarding
general vascular anatomy, as well as the presence of atherosclerotic disease, and can
be used to map the precise location of potential donor and recipient perforators rela-
tive to key anatomic locations. Final determination of perforator viability, however,
is confirmed through direct visualization of a pulsatile artery during intraoperative
dissection.

Wound Debridement and Infection Control

When attempting FTT, it is imperative to perform an early, thorough debridement in
order to remove any infected and/or nonviable tissue [5]. A definitive decision for
salvage or amputation should only be made after an adequate debridement is



11 Free Tissue Transfer 175

performed. Necrotic tissue, biofilm, and bacteria, as well as any foreign material in
the wound, may impede the body’s attempt to heal due to the production of prote-
ases, collagenases, and elastases that overwhelm the local healing process [17].
Debridement is especially important if the wound is acutely infected with purulent
drainage, malodor, or any overlying erythema. Immediate and aggressive debride-
ment lessens the chance for infectious spread, sepsis, and amputation. Even in the
absence of infection, debridement turns a subacute or chronic contaminated wound
into an acute clean wound, which enhances the healing potential and allows thor-
ough assessment for reconstruction [18].

For noninfected wounds, single-stage debridement is preferred over traditional
serial debridement, as the latter may make evaluation of tissue viability difficult,
delay final wound closure, and cause additional tissue loss from desiccation due to
prolonged dressing changes [5]. Furthermore, the removal of devitalized bone and
soft tissue during this process is crucial for preventing late osteomyelitis and flap
deterioration as popularized by Gustilo and Cierny in the trauma population [19,
20]. Early debridement and reconstruction are also associated with earlier return to
mobility and functionality.

Adequate debridement may be determined by tissue color in conjunction with
post-debridement culture results. Normal tissue colors (i.e., red, white, and yellow)
must be recognized by the surgeon in order to adequately remove grossly infected
tissue as well as recognize an endpoint for debridement [21]. Traditionally, debride-
ment to negative cultures has been the standard before reconstruction. Recently,
however, culture-guided debridement to negative cultures and its role in determin-
ing timing of reconstruction have been examined in greater detail. This practice
often requires multiple trips to the operating room until negative cultures can be
achieved, which may unnecessarily postpone definitive wound closure, prolong
hospital stays, and delay rehabilitation and recovery. Our institution examined
debridement to negative cultures vs. cultures that remained positive at closure (or
exhibited delayed growth after culture) in both local flaps and free flaps. Negative
cultures prior to FTT resulted in a 14% flap failure rate compared to the 28% failure
rate in the local flap cohort [22]. Approximately 35% of each cohort had positive
post-debridement cultures [22]. Univariate and multivariate analysis reveals that
positive post-debridement cultures were significantly associated with failure in only
the local flap cohort. This included even the most virulent organisms such as MRSA,
pseudomonas, and VRE. These results may suggest that the most important factors
determining timing of closure are signs of healthy wound healing rather than posi-
tive vs. negative cultures.

When used as an adjunct in wound reconstruction, negative pressure wound ther-
apy (NPWT) potentiates healing through increased local blood flow and granula-
tion, reduced tissue edema, and control of bacterial proliferation [14, 20, 23]. NPWT
with instillation (NPWTi) is a further modified wound management method for
acute/chronically infected wounds, osteomyelitis, and exposed orthopedic hardware
[24]. NPWTi combines negative pressure with automated, intermittent instillation
of a topical wound solution (antimicrobial or normal saline) [14]. Surprisingly, anti-
microbial solutions and normal saline have been found to have similar effects on
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healing outcomes—highlighting the mechanical advantage of cyclical irrigation and
its importance in eradicating bacteria from the wound. NPWTi was shown to reduce
the total number of operative procedures, accelerate the time to wound closure, and
shorten the length of hospital stay when compared to NPWT alone [24]. In addition,
NPWTi increases the percentage of wounds closed by discharge and demonstrates
qualitative improvement in gram-positive cultures [25].

In infected wounds, tissue cultures should be taken during debridement and are
obtained deep to the surface of the infected tissue and purulence. Deep bone cul-
tures and other relevant pathologies should be sent prior to flap reconstruction.
Broad spectrum antibiotics should be started after deep tissue cultures are collected
and later adjusted based on culture results and sensitivities. Deep cultures may miss
two-thirds of the bacterial species present; thus, any continuing signs of infection
after 48 h of antibiotic therapy may point to the need for a change in antibiotics or
further debridement. Utilizing a multidisciplinary approach that includes early con-
sultation with infectious disease specialists is key to optimizing success of the heal-
ing wound bed.

Timing of Free Tissue Transfer

Timing of FTT reconstruction is dependent on the establishment of a healthy, vas-
cularized wound bed with clinical signs of healing (i.e., granulation tissue, neo-
epithelialization). Many authors agree that reconstruction should be attempted as
early as tolerable following an adequate debridement and recipient-site optimiza-
tion. This may include serial debridement and techniques such as NPWT before
definitive closure with a free flap can be achieved. The time course may further vary
depending on wound etiology. Some wounds require adjunctive measures, such as
revascularization procedures, or other medical management to optimize healing
potential at the recipient site prior to FTT. There is broad consensus for immediate
flap coverage in the setting of exposed vital structures or the need for FTT to salvage
a devascularized limb.

Flap Selection and Classification

Classification

Many classifications for FTT have been proposed based on tissue composition, vas-
cular anatomy, and harvest technique. For the purposes of clarity, however, a
description of flap type according to its structural components is most frequently
employed in the clinical setting and has implications with regard to certain recipient-
site requirements.
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Muscle flaps are commonly used in reconstruction of composite three-dimensional
defects where significant bulk is required to fill a large dead space. However, muscle
flaps may also provide a thin, pliable, and well-contoured coverage based on the
amount of muscle initially dissected with the flap. The initial bulky appearance of
muscle flaps is often diminished over time due to muscular atrophy from denervation
[26]. In such a case, appropriately sized muscle flaps may actually lead to a thin and
well-contoured flap. Debulking can be performed at a later time if necessary. These
flaps also offer enhanced vascularity that is capable of suppressing bacterial inocula-
tion by aiding in the delivery of neutrophils and parenteral antibiotics to the site [27—
29]. Thus, muscle flaps are often employed for largely contaminated wounds and
chronically infected wounds with large amounts of dead space. Mathes and Nahai
have classically divided muscle flaps into five distinct categories based on the pattern
of vascular supply (Table 11.1). Muscle flaps are also used for innervated functional
restoration such as the innervated gracilis flap in cases of facial reanimation.

Table 11.1 Mathes and Nahai classification of muscle flaps

Type | Definition Clinical examples
I Single dominant vascular pedicle Tensor fascia lata
Gastrocnemius

Abductor digiti minimi (hand)
Abductor pollicis brevis

Genioglossus
Hyoglossus
1T Dominant pedicle(s) and minor vascular Gracilis
pedicle(s) Rectus femoris®

Adductor digiti minimi
Flexor digitorum brevis
Abductor halluces
Brachioradialis
Platysma

Trapezius

1 Two dominant pedicles Gluteus maximus
Rectus abdominis
Semimembranosus
Rectus femoris®
Serratus anterior

v Segmental vascular pedicles Sartorius

External oblique

Extensor halluces longus
Flexor halluces longus
Extensor digitorum longus
Flexor digitorum longus
Tibialis anterior

v One dominant pedicle and secondary segmental Latissimus dorsi
pedicles Pectoralis major

“Rectus femoris may be classified as a type II (54%) or a type III (46%) muscle flap based on the
presence of a codominant oblique branch from the lateral circumflex femoral artery
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Fasciocutaneous flaps are ideal for wound resurfacing and are capable of restor-
ing contour and facilitating adequate tendon glide along the flap-native wound inter-
face [5]. These flaps are also useful for staged reconstruction of underlying tissue
components (i.e., joint prosthesis), as they can be rapidly reevaluated. Some fascio-
cutaneous flaps may be bulky due to large amounts of subcutaneous fat if the patient
has a high BMI or excessive fatty collection at the donor site. Surgical debulking
procedures and liposuction may be required at a later time to improve contour.
Mathes and Nahai have classified fasciocutaneous flaps as types A, B, and C
(Table 11.2) [27].

Perforator flaps are flaps that receive their blood supply from branches of named
vessels that “perforate” through the muscle or fascial septum to supply the overly-
ing skin and subcutaneous tissues. Unlike fasciocutaneous flaps, however, these
flaps are harvested above the level of deep fascia using retrograde “freestyle” perfo-
rator dissection techniques until adequate pedicle length is achieved. This technique
facilitates wound resurfacing with ultrathin adipocutaneous flaps, enhances the
freedom of flap design, and minimizes the need for secondary debulking [30].
However, the learning curve associated with suprafascial dissection is high, and
detailed preoperative mapping is essential to avoid inadvertent injury to perforators
at this level. With increased knowledge of perforator anatomy and flow characteris-
tics (i.e., perforasome theory), nearly any perforator in the body can be chosen as a
source of vascular supply for a local (i.e., propeller) or free flap. Primary disadvan-
tages of perforator flap harvest include variability in perforator size and location,
greater complexity of dissection, and a slightly higher risk of fat necrosis and partial
flap loss due to their more tenuous vascular supply [31-33]. For these reasons, per-
forator flaps are ideal for coverage of moderately sized defects and require detailed
preoperative planning (i.e., perforator mapping) to enhance the safety and efficiency
of flap harvest.

Table 11.2 Mathes and Nahai classification of fasciocutaneous flaps

Type Definition Clinical examples

A Direct cutaneous pedicle Superficial circumflex iliac artery perforator flap
Temporoparietal fascia flap
Sural flap

B Septocutaneous pedicle Anterolateral thigh flap*

Dorsalis pedis flap
Radial forearm flap
Lateral arm lap
Scapular flap

C Musculocutaneous pedicle Anterolateral thigh flap*

Lateral thigh

Superior gluteal artery perforator flap
Inferior gluteal artery perforator flap

Deep inferior epigastric artery perforator flap

*Anterolateral thigh flap can be classified as a type B or type C fasciocutaneous flap based on
whether the perforating vessel to the skin passes within the intermuscular septum located between
the rectus femoris and vastus lateralis or through the vastus lateralis, respectively
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Flap Selection

Flap selection is largely dependent on the defect dimension (i.e., dead space),
required pedicle length, presence of infection and/or exposed vital structures, aes-
thetic and functional demands of both the donor and recipient site, potential to
restore sensation, patient positioning in the operating room, and the patient’s body
habitus [5]. Suh et al. defined an algorithm for selecting perforator free flaps for the
lower extremity after cancer resection [34]. The components of this algorithm
include three-dimensional defect characterization, composition of the defect, condi-
tion of the recipient vessel, pedicle length of the flap, and the position of the patient
[34]. Based on these important characteristics, flap selection can be streamlined and
optimized. This process of assessing relevant characteristics for reconstruction not
only applies to lower extremity resections but also to wounds in various anatomical
areas. In regions where aesthetics and function play a major role, additional algo-
rithmic consideration may be made on such grounds.

Intraoperative Considerations

After thorough debridement of the recipient site, the resulting defect should be eval-
uated, and a final decision about the type and technique of reconstruction should be
made. Surgical templates assist in accurately defining the dimensions of the wound
and are especially helpful in complex three-dimensional wounds. It is critical to
obtain adequate pedicle and flap length in order to anastomose to viable recipient
vessels and provide coverage to the wound site. Precise reconstruction is necessary
to optimize functional and aesthetic outcomes. Computer-aided design and manu-
facturing (CAD-CAM) and CT have been utilized in some reconstructive settings to
create three-dimensional representations of defects. Virtual surgery planning utiliz-
ing CAD-CAM provides increased efficiency, precision, and accuracy during recon-
struction. Studies and data on various anatomical areas of the body are limited given
its novelty. However, in mandibular reconstruction, virtual planning reduces time
for intraoperative measurement, decreases traumatic graft manipulation and isch-
emia time, and improves bone-to-bone contact [35]. This technology may hold
promise in other complex anatomic regions.

A variety of factors regarding recipient vessels should be evaluated prior to free
flap harvest. These include assessment of vessel pulsatility, distance from the defect
(i.e., the pedicle length), caliber, patency, flow, and condition [8]. Vessels may suffer
from atherosclerotic disease including calcification, radiation damage, trauma, or
infection. Recipient vessels should be thoroughly inspected for the ability to undergo
microvascular anastomosis. If the vessels are not appropriate, the adjacent angio-
somes/perforasomes should be explored and alternative vasculature identified. At
the donor site, Doppler ultrasonography has proven to be a reliable tool for identify-
ing perforating vessels that supply cutaneous flaps. The flap’s vascular pedicle is
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dissected under magnification to a length determined from preoperative planning
and intraoperative measurement.

Relevant considerations regarding donor- and recipient-site anatomy such as
major arterial and venous supply, variations in vascular anatomy, important associ-
ated structures, as well as nerve supply must be well understood. Vessels at the
donor and recipient sites should be compatible in caliber in order to facilitate suc-
cessful end-to-end anastomosis. End-to-side anastomosis should be considered for
extremity flaps if there is a sizeable mismatch in the donor and recipient artery cali-
ber. In some situations, vein grafts may be utilized to bridge gaps between donor
and recipient vessels [8].

After microsurgical anastomosis, it is crucial to ensure that the flap has adequate
flow and that the anastomosis is patent. In some cases, there may be elements of
twisting, torque, or tension on the pedicle during the flap inset. Constant scrutiny of
flap perfusion should be as assessed prior to leaving the operating room setting to
ensure that any avoidable technical mishap may be corrected.

Common Free Flap Constructs

3

Common “workhorse” free flaps used in a variety of reconstructive settings are
listed in Table 11.3. Clinical examples of several of these flaps are also provided in
Figs. 11.1, 11.2, 11.3, 11.4, and 11.5.

Postoperative Management

Postoperative monitoring serves to accurately and continuously assess vessel
patency and in turn flap success. Clinical examination is the main source of moni-
toring flap progress in the early postoperative setting. There are a variety of clinical
signs and symptoms that are suggestive of arterial insufficiency including pale flap
color, reduction in flap temperature, loss of capillary refill, and loss of flap turgor
[8]. Venous insufficiency or congestion may manifest as a dark purple hue, swelling,
abrupt capillary refill, and dark brisk bleeding on pin prick [8]. In the early postop-
erative period, venous insufficiency and occlusion is a more common complication
than arterial thrombosis.

Clinical examination may be accompanied by handheld Doppler monitoring. An
experienced and knowledgeable staff is key to obtaining flap retention rates above
95%, as reported at high-volume centers. Standardized flap monitoring protocols are
utilized to enhance early detection of thrombotic complications and/or impending flap
failure. At our institution, serial Doppler assessments are performed by trained staff
every 15 min for the first 4 h postoperatively, followed by every 30 min for the subse-
quent 8 h, and then hourly until the second postoperative day. For patients with
uncomplicated recoveries, the interval between flap checks increases to every 2—4 h
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Fig. 11.1 Anterolateral thigh flap. (a) Complex medial malleolar defect with exposed bone and
hardware. (b) Skin paddle design is shown. Relevant perforators are identified near the midpoint
of an axis that extends from the anterior superior iliac spine and the superolateral border of the
patella. (¢) Follow-up at 3 weeks demonstrating a well-healed flap with satisfactory aesthetic con-
tour of the medial ankle

Fig. 11.2 Vastus lateralis free flap. (a) Composite intermetatarsal defect of the right foot following
second ray amputation and soft tissue debridement. (b) Reconstruction was performed utilizing a
split vastus lateralis muscle flap with end-to-side anastomosis between the anterior tibial artery and
the descending branch of the lateral circumflex femoral artery. A split-thickness skin graft was
harvested from the ipsilateral thigh for protective coverage of the exposed muscle. (¢) Postoperative
follow-up at 1 year showing stable, contoured soft tissue resurfacing

Fig. 11.3 Free gracilis muscle flap used to preserve length and maintain ambulation capacity in a
patient with prior transmetatarsal amputation (TMA) complicated by infection. (a) Open right
TMA with exposed bone and soft tissue loss. (b) Flap dissection and isolation of the vascular
pedicle. (c) Postoperative result at 2 years is shown. Note the adequate contour that results from
atrophy of the denervated muscle flap over time
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Fig. 11.4 Radial forearm free flap used in conjunction with an antibiotic spacer for reconstruction
of an ablative defect involving the first metatarsophalangeal (MTP) joint. (a) Right dorsal hallux
defect with exposed bone and antibiotic spacer. (b) Harvest of the radial forearm fasciocutaneous
flap. A long pedicle length can be achieved by dissecting the radial artery to its proximal takeoff
from the brachial artery. (¢) Postoperative follow-up at 1 year demonstrating a well-healed and
adequately contoured flap without excessive bulk

Fig. 11.5 Composite anterolateral thigh/vascularized fascia lata reconstruction of a combined ten-
docutaneous defect of the Achilles. (a) Segmental loss of the Achilles tendon with large overlying
soft tissue deficit. (b) Harvest of the free anterolateral thigh flap with associated strip of fascia lata.
The fascial strip is then rolled to form a neo-tendon construct, which is secured to the proximal and
distal remnants of the native Achilles tendon. (¢) Follow-up evaluation at 6 months demonstrating
the aesthetic contour of the reconstructed Achilles

until postoperative day 5 or when the patient is transferred to the floor. The threshold
for surgical take-back should be very low, as microvascular compromise may be dev-
astating. Early identification and re-exploration of a compromised flap dramatically
increase salvage rate. Kroll et al. report that the majority (80%) of pedicle thrombosis
occurs within the first two postoperative days [36]. Mirzabeigi et al. found that arterial
thrombosis was correctable by surgical take-back at much high rates than venous take-
back within the first 48 h; specifically, there is a 77% arterial salvage rate versus 50%
venous salvage rate [37]. Salvage rates decrease as time from the operation passes and
approach 0% beyond postoperative day 4 (i.e., greater than 96 h).
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One of the most effective advanced methods of monitoring flap viability is the
implantable Doppler. With the implantable Doppler device, probes are placed cir-
cumferential on the venous segment due to the fact that arterial signals may persist
for a time after venous thrombosis. Rozen et al. in a series of 547 breast flaps were
able to report that implantable Doppler increased salvage rates 1.4 times compared
to clinical monitoring, without increasing false-positive detection and reoperations
[38]. This data allows implantable Doppler probe to be used as a safe and effective
stand-alone monitoring technique in the postoperative setting [38].

Currently, there is no consensus regarding the optimal anticoagulation protocol
following FTT, with the majority of recommendations being anecdotal and/or based
on surgeon preference. In some instances, patients with uncomplicated flap proce-
dures may use a generic protocol consisting of 325 mg aspirin daily along with pro-
phylactic subcutaneous heparin. Patients in whom therapeutic levels of anticoagulants
should be considered include those with thrombophilia, small-caliber anastomoses,
poor-quality and/or friable vessels, and irradiated tissue and heavy smokers [8].

Complications

Advances in microsurgical technique have contributed to significantly reduced rates
of postoperative complications and ultimate flap failure at high-volume centers.
Complications after FTT are variable and may include seroma, hematoma, superfi-
cial epidermolysis, wound separation, inadequate coverage of defect, infection, and
partial or complete flap loss [30]. Flap loss can be due to intrinsic factors that com-
promise blood supply (i.e., thrombosis, kinking) or extrinsic factors such as infec-
tion, hypotension, compression, and/or the use of vasoconstricting agents [30].
Other complications include functional limitations, sensory impairment, donor-site
scar, and the need for revision/debulking. Complications and failures may often be
attributed to poor planning, choice of donor- or recipient-site vasculature, timing, or
technique [30]. The surgeon should be knowledgeable in all areas of the decision-
making process in order to reduce such adverse events.

Lakhiani et al. described donor-site morbidities from commonly utilized thigh-
based flaps. They proposed that flap selection is highly individualized, and the
implications of aesthetic, perioperative, and/or functional morbidities should not be
underestimated [39]. Patients should be counseled on potential risks specific to each
flap type in order to optimize outcomes and overall satisfaction.

Conclusions

In the appropriate setting, FTT has proven to be an effective primary solution for
complex wound reconstruction. Advances in our knowledge of vascular anatomy,
surgical technique, and postoperative patient care have enabled substantial improve-
ments in microvascular success rates over time. As prior data have shown, vigilance
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in all stages of preoperative patient selection, operative planning, technical execu-
tion, and postoperative rehabilitation is essential to optimize reconstructive out-
comes, satisfaction, and complication profiles for microsurgical candidates.
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Chapter 12
Negative-Pressure Wound Therapy

Lauren R. Bayer

Introduction

When Louis Argenta and Michael Morykwas published their seminal research on
vacuum-assisted closure in 1997 [1], they likely could not have imagined that the
technology would become one of the most revolutionary wound treatments of the
late twentieth century. Basic treatment of acute, chronic, and surgical wounds is
generally limited to normal saline-dampened gauze or other moist dressings based
on work by Winter [2], who illustrated the importance of keeping the wound bed
moist to avoid tissue desiccation. More advanced wound dressings include dress-
ings impregnated with silver, collagens, alginates, and foams, but they may not be
as effective or practical for large wounds or those with a large amount of exudate.
Dermal substitutes and bioengineered skin have shown promise in several types of
wounds [3].

Suction, irrigation, and drainage of infected internal cavities and large wounds
have been employed in medical settings for decades [4]. Argenta and Morykwas
showed that subatmospheric pressure applied to an open wound filled with an open-
cell foam sealed with an adhesive drape could not only evacuate fluid but also
induce granulation tissue formation and facilitate wound contracture [1].

Eventually marketed as vacuum-assisted closure (V.A.C.®) by Kinetic Concepts
Incorporated (KCI) in 1997, the treatment has become ubiquitous and the subject of
vast research. Because the KCI V.A.C. ® was the only marketed device for over
15 years, most published research has used the V.A.C.®. There are now dozens of
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negative-pressure wound therapy (NPWT) devices. Generic to most of the devices is
an interface material ranging from standard gauze to open-pore foam, a semiocclu-
sive adhesive dressing, suction tubing, and a suction device. Disposable, one-time
devices are available for smaller wounds or those without much drainage. Some
in vivo animal [5] and clinical studies [6] have compared gauze filler with open-cell
foam and showed no difference in tissue growth and wound contraction. Nevertheless,
open-cell, polyurethane foam interface is preferred by many users. Recently, the
technology has been combined with instillation of a variety of fluids [7].

Mechanisms of Action

The primary and secondary mechanisms of action of NPWT systems have been
studied extensively in preclinical models and in humans. Proposed primary mecha-
nisms include macrodeformation when the wound edges are drawn together, micro-
deformation at the wound-foam interface, fluid removal, and maintenance of a
stable wound environment (Fig. 12.1). Resultant granulation tissue formation,
angiogenesis, neurogenesis, and cell proliferation are secondary mechanisms of
action that enhance the wound-healing cascade [8].

NPWT depends on differential pressure applied to tissues. Based on cell culture
work showing that cells that are stretched from their spherical shape tend to divide
and proliferate [9, 10], Lu et al. [11] designed a model in which vacuum pressure is
applied to tissue cells via incompressible foam in vitro. In vivo, different pressures
and pore sizes were studied and surface deformations of the cells resulted. The
deformations predicted by the model were similar to the undulations noted on the
wound surface when an NPWT device was applied. The cells are stretched, allow-
ing them to divide and proliferate. Thus, application of vacuum to tissues causes
microdeformations in the tissues, inducing angiogenesis and cellular proliferation
and explaining an important mechanism of action of NPWT [12].

The open-pore foam used in most NPWT systems transmits a vacuum quite effi-
ciently and has been shown to decrease in size by about 80% when exposed to
125 mmHg suction [13, 14]. The wound collapses due to the centripetal forces
placed on the wound surface and the degree of wound contraction will depend on
the deformability of the tissues. Packing the wound with a piece of foam cut to fit
inside will facilitate wound contracture as vacuum pressure is applied.

Excess fluid in a wound or in the extracellular space can adversely affect wound
healing. Suction applied to the foam dressing evacuates the excess fluid in the
wound and has been observed to decrease soft tissue edema, as in the case of fasci-
otomy wounds and large open abdominal wounds. Fluid removal decreases com-
pression on the microvasculature, which in turn can increase tissue perfusion [8].
Toxins, bacteria, and harmful exudate are also removed, potentially improving
wound healing.

The foam and semiocclusive polyurethane drape that make up most NPWT sys-
tems has limited permeability to gases and vapor and is therefore effective in keeping
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Thermoregulation & moisture retention

Drainage of wound exudate including:
- Excess fluid
- Inflammatory mediators

Microdeformation

Fig. 12.1 The primary mechanisms of action of NPWT (From Huang et al. [8]. With permission
from Elsevier)

the wound moist and normalizing the wound temperature, thus stabilizing the wound
environment. In addition, the drape is impermeable to proteins and microorganisms,
reducing the risk of infection transmission from the environment [8].

Induced microvascular blood flow has been reported in wounds treated with
NPWT and is dependent on the amount of pressure, distance from the wound edges,
and the type of tissue. Combined with increased partial pressure of oxygen and
lactate levels, more robust wound healing has been noted [15].

Clinical Applications

NPWT has been used for a variety of acute and chronic wounds, anatomic locations,
and wound etiologies. Common wound types include surgical and traumatic
wounds, orthopedic wounds, diabetic and vascular ulcers, and pressure injuries.
NPWT has been shown to heal complex wounds with less invasive surgical inter-
vention [16, 17]. The reconstructive ladder is well known to surgeons and begins at
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the bottom with primary closure of a wound and progresses upward in complexity
through the rungs from skin grafts, local flaps, regional flaps to the most complex,
and free flaps at the top [16, 17]. Using NPWT at the outset to treat a wound that
would otherwise require surgical closure with a flap, for example, facilitates a shift
down the reconstructive ladder, decreasing the need for a complex closure [18].

Basic Application of NPWT in an Open Wound

NPWT is most commonly used in an open wound. In order to be most affective, the
open-cell foam packing is placed in direct contact with the wound bed. The excep-
tion being direct foam contact with visceral organs, large nerves, tendons, the heart,
or large blood vessels where an intervening nonadherent layer, viable tissue, or
tissue-engineered construct should be placed to avoid erosion. The foam is cut to fit
the wound size and packed loosely into the wound. Ideally, only one piece of foam
should be placed in the wound. The use of more than one piece of foam should be
documented and checked at the time of removal when dressing is changed.

A semipermeable adhesive drape is placed over the wound, overlapping the sur-
rounding skin 3-5 centimeters. Suction tubing is attached to the dressing and con-
nected to the vacuum device. Vacuum settings range from 50 to 150 mmHg
depending on the device and can be set as low or high as necessary to achieve ade-
quate suction. The adhesive drape must be generally free of leaks or else suction
cannot be maintained. A small amount of air that transits the system can help avoid
a vapor lock. In the setting of large amounts of drainage, suction may need to be
adjusted to maintain a seal and to fully evacuate the wound. Small, drier wounds
may have little drainage (Fig. 12.2).

Dressings should be changed every 2-3 days, depending on drainage amount,
wound etiology, and goal of therapy. For granulating a large wound with a large
amount of drainage, more frequent dressing changes may be necessary. In the event
of a device malfunction, the dressing should be removed within 2 h if suction cannot
be maintained [19].

Optimal cycling of NPWT has been debated. Most manufacturers recommend
the device be set on a continuous cycle, delivering a constant rate of vacuum suc-
tion. Intermittent suction has been shown in experimental settings to yield a greater
biological effect and may be advantageous over continuous suction, but it can often
be unpleasant for the patient. Too rapid cycling can also be deleterious [20, 21].

During dressing changes, care must be taken to avoid damage to the tissues,
bleeding, and pain. Irrigating the foam with saline can loosen the foam from the
tissues. Adding lidocaine to the saline or injecting the foam directly with a large
bore needle can help reduce the pain sometimes associated with dressing removal.
Once the dressing is removed, the wound should be inspected for residual foam
adhered to the tissue, necrosis, and bleeding. Wounds should be cleaned and
debrided if necessary prior to reapplying the dressing.
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Fig. 12.2 (a) NPWT dressing on a traumatic wound after tib fib fracture, debridement, and exter-
nal fixator (b) NPWT dressing on a cesarean section wound using the bridging technique

While there are few limits to the anatomic location or wound type for NPWT use,
not all applications have been studied. The following section reviews common uses
of NPWT and supportive data when available.

Diabetic Foot Ulcers

Diabetic foot ulcers (DFU) affect more than 25% of diabetics over their lifetime
[22] and are the source of severe morbidity and mortality. Treatment of DFU
includes debridement, moist dressings, and offloading with a goal toward avoiding
amputation. Prevalence of lower extremity amputation in diabetics was 1.8 between
2006 and 2008, tripling in patients with concomitant peripheral artery disease [23].
DFU requiring advanced therapy include primary deep ulcerations and postsurgical
wounds and may be amenable NPWT.

Randomized control studies with Level I-II evidence comparing NPWT with
standard of care (moist wound therapy with alginates, hydrocolloids, foams, or
hydrogels) [24, 25] on DFU showed increased granulation tissue, wound area reduc-
tion [26], reduction in operative intervention [27] including reamputation [24], and
decreased infections [28]. Dumville et al. [29] reported some evidence that NPWT
is clinically effective in reducing time to healing and risk of amputation in chronic
DFU and postsurgical wounds.

DFU should be debrided prior to application of NPWT as the necrotic bone, con-
nective tissue, or subcutaneous tissue will prevent healing [30] and may worsen
with NPWT. Radiologic studies may be necessary to rule out underlying osteomy-
elitis before beginning therapy. Patients should be adequately offloaded [31] and
blood glucose optimized to ensure maximum benefit.

Dressing application to the foot can be challenging and toe and heel contours
may make keeping a seal difficult. Applying skin prep, a thin hydrocolloid or pieces
of adhesive drape around the wound add an extra surface on which the wound-
covering drape can adhere. Using the bridging technique if the wound is on the heel
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or plantar foot moves the tubing away from the walking surface and can be more
comfortable. The dressing foam cut slightly smaller than the wound size is packed
into the wound. A piece of adhesive drape or hydrocolloid is applied from the wound
to a relocation area on the dorsal foot or lower leg to protect the skin. A thin piece
of foam is applied (bridged) from the wound to the relocation area over the drape or
hydrocolloid. An additional piece of adhesive drape is applied to cover all pieces of
foam, and the tubing connection is placed on the end of foam bridge. As long as the
bridged foam and wound packing foam are contiguous, the vacuum will reach the
wound (Fig. 12.3). Dressings should be changed two to three times per week, and
wounds should be carefully monitored for necrosis and infection.

Deep Pressure Injuries

Wounds caused by pressure can be a devastating complication of prolonged hospital
or nursing home stay, immobility, or debilitation. NPWT for stage 3 or 4 pressure
injuries aids in fluid evacuation, granulation tissue proliferation, and wound con-
traction to optimize wounds for secondary closure or preparation for surgical clo-
sure [32]. There are few randomized control studies using NPWT in pressure
wounds, and none compare NPWT with advanced therapies [33]. Despite the dearth
of data, clinical use is ubiquitous as pressure injuries become more prevalent, espe-
cially in our aging population.

Wounds should be free of necrotic tissue prior to commencing therapy, facilitated
by serial sharp debridements augmented by mechanical debridement with saline or
Y4 strength Dakin’s (sodium hypochlorite) dampened gauze packing. Imaging stud-
ies to rule out osteomyelitis and abscess should be obtained. Large, deep wounds
should ideally be packed with only one piece of foam to avoid multiple pieces of
foam that could be lost in the wound with subsequent dressing changes. Dead spaces,
undermined areas, and tracks should be packed, using caution in areas of narrow
tracking. Applying the foam just at the base of a narrow track to prevent tissue from
walling off the area can often suffice. The foam should be trimmed to a size slightly
smaller than the wound to facilitate wound contraction and the wound should never
be overpacked. The device tubing can be “bridged” away from the wound to avoid
the patient lying or sitting on the tubing (Fig. 12.4). Suction can be set at the lowest
setting that maintains a seal and evacuates fluid; 100-125 mm Hg is recommended.
Sensate patients may have pain with higher suction so the setting can be reduced.

Minimizing pressure on the wound with complete offloading with limited or no
sitting, boots for extremity pressure injuries and use of a pressure relieving mattress
can ensure effective treatment. Optimizing nutritional status, managing inconti-
nence and cessation of nicotine products will also aid in healing. NPWT is not
recommended in the setting of malnutrition, dermatitis, incontinence affecting the
dressing seal, persistent tissue necrosis, bleeding, and pain.

After prolonged use, the wound, dressing, and/or canister can become malodor-
ous. NPWT can be discontinued for 2-3 days while the wound is packed with gauze
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Fig. 12.3 (a) Diabetic foot ulcer before NPWT. (b) NPWT dressing with bridge. (¢) Two weeks
after NPWT treatment

Fig. 12.4 (a) Bridged NPWT dressing. (b) Resultant granulating stage 4 left ischial pressure
injury

dampened with saline or quarter strength Dakin’s to treat bacterial colonization and
odor. NPWT can then be resumed. Wound measurements should be obtained
weekly, and once the wound is no longer decreasing in size, other treatments should
be investigated, including flap closure for surgical candidates. Indolent infection,
including osteomyelitis or abscess, may be a cause of a stalled wound, and should
be ruled out with cultures or imaging studies.
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Vascular Lower Extremity Ulcers (Venous/Arterial)

Chronic lower extremity ulcers are generally caused by either venous stasis or arte-
rial insufficiency. The hallmark of venous stasis ulcer treatment is compression, and
there are many advanced wound therapies also available. NPWT, while not com-
monly used, can optimize the wound bed for application of a skin graft or dermal
substitute, aid in fluid management, decrease matrix metalloproteinases, and
decrease bioburden in select cases [34]. NPWT has also been used in the treatment
of lymphocele and lymph fistulas as a complication from vascular procedures. Case
studies reported decreased lymphorrhea which led to eventual wound healing [35].

The use of NPWT in the setting of arterial disease is most commonly necessary
after wound debridement, groin wound complications [36, 37], or amputations.
NPWT should only be considered if the extremity has been adequately revascular-
ized and debrided of all devitalized tissue. Complications of using NPWT dressings
in open groin wounds include infection and bleeding. Exposed vital structures must
be covered with fascia or a nonadherent dressing under the NPWT foam and should
be carefully monitored during treatment. NPWT can be used to assist in secondary
healing or preparation for skin graft or flap in open or dehisced amputation wounds.
Wounds left open because of infection or edema can be optimized with NPWT and
surgically closed at a later date.

Traumatic Wounds

Traumatic injuries of lower extremities, which often include both complex bone
fractures (Gustilo Grade IIIA and B) [38] and soft tissue damage can be managed
with NPWT. Early coverage of the exposed bone is important to prevent infection,
and often the wounds require frequent washouts and debridements in the operating
room before definitive fracture fixation and soft tissue closure [16]. Reduced mor-
bidity and time of healing using NPWT compared to standard gauze dressings has
been shown [39]. Sealing the wound in the sterile dressing serves to decrease wound
infection [40—42] as it can decrease dressing changes and provide protection from
nosocomial contamination [43]. Sinha et al. [44] saw significantly reduced wound
size in open musculoskeletal injuries treated with NPWT, reduced bacterial growth
by day 8, significant angiogenesis, and granulation tissue formation. When immedi-
ate primary closure is not possible, delayed closure with skin grafts or flaps may be
required. When NPWT is used on lower extremity traumatic wounds, researchers
have noted fewer free flaps were used for closure, trending toward the ability for
delayed closures with local flaps and skin grafts [16, 18, 45].

After thorough debridement, irrigation, hemostasis, fracture stabilization, and
coverage of exposed vessels and nerves with a nonadherent dressing, NPWT is
applied in the operating room. The dressing foam can be placed directly on exposed
tendon to prevent desiccation and promote ingrowth of granulation tissue (Fig. 12.5).
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Fig. 12.5 (a) Traumatic tib fib fracture and wound dehiscence with exposed tendon. (b) After
NPWT with granulating tendon. (¢) NPWT dressing in place. (d) NPWT bridge dressing in place

Between debridements, wounds should be monitored carefully for bleeding. NPWT
devices with the capability of instilling fluid may be beneficial in lower extremity
traumatic wounds [7].

Patients with intra-abdominal trauma may require massive amounts of fluid
resuscitation resulting in severe edema of the abdominal cavity and making closure
of large abdominal wounds not possible. Applying NPWT for temporary abdominal
closure (TAC) of a large open wound to facilitate delayed primary closure while the
patient stabilizes has been shown to be successful [46]. A systematic review of
NPWT for TAC [47] resulted in several observations and recommendations. The
highest rates of primary fascial closure were seen using commercially available
NPWT dressings and the “dynamic closure” technique, which includes mesh and
retention sutures along with NPWT dressing. Septic patients did not fare as well.
Other recommendations include using an interface layer over exposed organs to
avoid adhesions between the foam and bowel and the abdominal wall and using a
foam-based dressing instead of gauze, use for managing abdominal fluid, and the
device should be set on a continuous rather than intermittent setting. Concern for
enterocutaneous fistula is warranted but has been found to not be more common
when using NPWT over plain gauze packing in open abdominal wounds [47].
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Sternal Wounds

Complications from median sternotomy can be fraught with patient morbidity and
extremely challenging due to the vital structures within the thorax. Prior to the
advent of commercially available NPWT systems, sternal wound infection was rou-
tinely treated with antimicrobial irrigation via catheters and gauze packing [48, 49].
Once the infection was eradicated, closure was performed using pectoralis and/or
omental flaps, with or without sternectomy. With the advent of NPWT, treatment of
open chest wounds improved significantly. Several reports describe use of NPWT
versus gauze dressings and showed better sternal stability and reduced need for
mechanical ventilation while the chest was open, [50] increased granulation tissue
formation, decreased C-reactive protein levels [51] and lower recurrence rate, and
increased ability to salvage the sternum [52].

After OR debridement of the infected tissue, muscle, and bone, a fluid-permeable
nonadherent dressing or fascia is applied to cover the heart, if exposed, large ves-
sels, and friable bone to eliminate the risk of vital structure rupture. The foam inter-
face is then placed into the wound. The adhesive drape keeps the open mediastinum
sterile and maintains a moist wound environment. Vacuum suction pulls the wound
edges together, stabilizing the chest, and evacuates fluid accumulation. If the ster-
num is open, dressings are changed under anesthesia. If the wound is superficial,
with an intact sternum, dressings can be changed at bedside every 2-3 days.
Superficial wounds can be left to heal by secondary intention. Deep sternal or chest
wounds may require a flap. Once the wound is deemed ready for closure, omentum
can be brought up to fill in any dead space and flaps, including pectoralis major,
latissimus dorsi muscle, rectus abdominus muscle can be raised to cover the medi-
astinum [53].

Complications from using NPWT in the chest have been reported and should
serve as cautionary tales. Bleeding from coronary artery venous bypass grafts,
ascending aorta, and the sternum [54] and right ventricular rupture [55] have been
reported.

Fasciotomy Wounds

Fasciotomy incisions are created to relieve pressure in the setting of compartment
syndrome. Because concurrent edema is common, incisions are difficult to close
primarily even after the pressures have normalized. After debridement and hemosta-
sis, NPWT can be applied directly to the open wounds to facilitate edema reduction
and splint the wound edges together allowing for either delayed primary closure,
skin grafts or healing by secondary intention [18, 56]. If a skin graft is employed,
NPWT can continue to be utilized as a bolster to further limit fluid collection under
the graft and improve graft take [56].
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Burns

Management of large acute burns includes medical stabilization and particular
attention to the wounds. NPWT may assist in the goals of burn wound care includ-
ing preventing infection, preventing burn progression, and providing a moist envi-
ronment that will facilitate healing and minimize fluid evaporation. NPWT may also
be beneficial at preventing burn wound progression [18]. A porcine study of NPWT
application within 12 h of burn injury reduced the depth of tissue necrosis, but not
after 18 h. Optimum window of time for NPWT to prevent burn progression may be
less than 12 h, but there are no robust studies to support its use. Progression of burn
depth has been studied in both porcine [57] and human models [58] and shown to
decrease progression as well as reduce inflammatory infiltrates [57].

NPWT dressings on large burns can limit the frequency of often painful dressing
changes and offer stabilization of the microenvironment during physiological recov-
ery [58]. The dressings can prepare the burn wound beds for skin grafting by stimu-
lating granulation tissue and vascularity and potentially decreasing the surface area
and wound depth ultimately needing closure [59]. When used as a bolster, NPWT
dressings can secure the skin grafts and improve graft take [60].

Clinical application is similar to that of any large wound, with some modifica-
tions. Due to pain and patient instability, dressings may need to be changed under
sedation or in an operating room. Silver impregnated foam can be used to potentially
decrease bioburden in the wounds and help prevent infection [61]. Keeping a dress-
ing seal can be challenging on large TBSA burns, and methods such as preparing the
skin with benzoin, securing the adhesive drapes with staples or sutures, using addi-
tional layers of drape, and using multiple pumps have been described [62]. NPWT
can be used for residual open wounds after skin grafting, and using silver foam in the
event of early graft failure may prevent further graft loss and promote healing [63].

Skin Grafts

Skin graft take is dependent on elimination of fluid accumulation under the graft,
immobilization and stabilization of the graft, keeping the graft moist to avoid desic-
cation, and providing an environment that limits infection risks [64]. For most skin
grafts, a cotton or foam bolster is sufficient, but for larger grafts or those at higher
risk of failure, using NPWT before and after graft placement is a viable option.
Optimizing the wound bed prior to skin graft placement with debridements and
NPWT has been shown to increase split- and full-thickness graft take in various
wound types such as Achilles [65], lower extremity traumatic wounds [64], burns
[66], and fasciotomies [67]. Pretreatment with NPWT is dependent on the severity
and depth of the wound. Multiple debridements and several weeks of NPWT treat-
ment may be required before the wound bed is ready for grafting, but often, 5-7 days
of NPWT followed by coverage with a spilt-thickness or fenestrated full-thickness
skin graft is enough to improve skin graft take substantially [18, 66].



204 L.R. Bayer

Fig. 12.6 Knee wound
after removal of infected
hardware, debridement,
skin graft, and NPWT

The skin graft can be applied to the wound and anchored with suture or staples
per surgeon preference. A nonadherent dressing (petroleum gauze, meshed nonad-
herent dressing) is usually placed over the skin graft and the NPWT dressing is
applied, covered with adherent drape (Video 12.1). The vacuum is set at 75—-100 mm
Hg, continuous. The dressing is left for 4-5 days and then carefully removed and
replaced with a moist dressing according to surgeon preference (Fig. 12.6).

Instillation and Incisional Applications

Surgical site infections (SSI) in acute care facilities are still relatively common,
estimated at over 160,000-300,000 per year in the United States with 2—11 times
higher mortality rate compared with surgical patients without SSI and a financial
cost of $3.5 billion to $10 billion annually in healthcare expenditures (adjusted for
2007 dollars) [68, 69]. Preventative measures have been mandated by the CDC and
Healthcare Infection Control Practices Advisory Committee [68]. Applying NPWT
to closed incisions and using instillation therapy are both showing promise in fur-
ther decreasing the risk of SSI [69].

Incisional NPWT

In a meta-analysis of studies comparing incisional NPWT to standard surgical clo-
sure, Semsarzadeh et al. [69] found overall SSI rate in the closed incision NPWT
group to be 6.61% compared to 9.36% in the control group. Used when patients are
at high risk of surgical wound dehiscence, seroma formation, or infection — diabet-
ics, obese, and orthopedic trauma — an incisional dressing may prevent SSI or
wound dehiscence by evacuating accumulated serous fluid, reducing wound dead
space and keeping the incision splinted under a sterile adherent dressing [70].
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Incisional NPWT has been shown to decrease wound complications in hip arthrec-
tomies [71] and in lower extremity fractures at high risk for wound dehiscence and
infection [72].

A cost analysis by Australian authors noted incisional NPWT cost-effective for
preventing SSI in obese patients undergoing cesarean section [73]. Lewis et al. [74]
conducted a cost analysis for laparotomy for gynecologic malignancies in high-risk,
obese patients and proposed there would be a cost savings if incisional NPWT
reduced wound complications by at least 33%.

NPWT dressings are placed over the sutured or stapled incision, either with a
specifically made system (PREVENA®) or using standard NPWT systems with a
contact layer over the skin (meshed nonadherent dressing, petroleum gauze). Device
setting is recommended at 75—-100 mmHg. The dressing remains in place for up to
7 days and is then removed and replaced with a dry dressing.

Instillation Therapy

Chronic or contaminated wounds may harbor high bacterial burden, negatively
effecting wound healing. Although Morykwas et al. saw modest success in reducing
wound bioburden using NPWT in a porcine model of infected wounds [75], con-
flicting results have been seen in humans. In 1998, Fleischmann suggested instilling
various solutions into wounds to facilitate wound closure [76]. Goss et al. [77] stud-
ied a small cohort of 16 chronically infected lower extremity wounds treated with
operating room debridement with NPWT and instilled Y4 strength Dakin’s solution.
They found a statistically significant reduction in absolute bioburden in the wounds
treated with NPWT with instillation (NPWTi). In a retrospective historical cohort-
controlled trial examining NPWT with and without instillation, Kim et al. noted a
reduction in total number of operative debridements, shorter time to wound closure,
and shortened length of stay in patients with infected wounds treated with NPWTi
[78]. Other types of instillation fluids have been studied including saline, polyhex-
amine [79], superoxidized water, diluted iodine, and antibiotic solution [80]. Kim
et al. randomized 100 patients with infected wounds in a prospective study compar-
ing instillation of saline and 0.1% polyhexanide plus 0.1% betaine and found no
statistical difference in the number of operating room visits, length of hospital stay,
proportion of wounds closed or covered, and proportion of wounds that remained
closed at 30 days of follow-up [80]. Brickert et al. prospectively studied 131 wounds
treated with NPWT with saline instillation, and in 98% of the cases, the wounds
could be closed after debridement and NPWTi used for 12—19 days [81]. There are
no clinical studies comparing different types of instillation solutions and their effi-
cacy on decreasing bioburden in wounds.

Instillation therapy uses a modified NPWT device to add fluid to the wound
through the dressing. A separate port is employed to instill fluid directly into the
wound (Fig. 12.7). The vacuum suction is shut off, and the fluid remains in the
wound for a predetermined dwell time before the vacuum is resumed and the fluid
is evacuated [82]. Complete debridement of all devitalized or infected tissue is still
required prior to commencing treatment.
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Bioactive agents

Fig. 12.7 NPWT with instillation (From Huang et al. [8]. With permission from Elsevier)
Contraindications

According to FDA guidelines [83], the use of NPWT is specifically contraindicated
in patients with malignancy in the wound, untreated osteomyelitis, non-enteric, and
unexplored fistulas and necrotic tissue with eschar in the wound, exposed vascula-
ture, nerves, anastomotic sites, and organs. In addition, the FDA recommends cau-
tion in patients at high risk for bleeding and hemorrhage, especially when
anticoagulated, patients with friable or infected blood vessels, sharp edges in the
wound, and spinal cord injury (may induce stimulation of sympathetic nervous sys-
tem). An NPWT device should be removed for MRI, hyperbaric oxygen therapy and
if defibrillation is required. Care should be taken when the device is used near the
vagus nerve, as it may cause bradycardia. Circumferential dressing application
should be used with caution.

Risk Factors and Complications

The most common complications from NPWT include bleeding, infection, foam
retention, skin irritation, and pain. The most serious complication with NPWT use
is bleeding, with 12 deaths reported since 2009 [83]. Most of the bleeding complica-
tions were seen in patients who had synthetic bypass grafts with wound infection
and were anticoagulated when the foam dressing would become adherent to the
underlying vascular structures causing bleeding upon removal. There were 27
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reports of retained foam causing worsening infections in open infected wounds and
many reports of the foam attaching to the wound tissues requiring hospitalization
for removal. Most complications were noted in home care and long-term care facili-
ties. Reported complications with NPWT use in open abdominal wounds include a
higher incidence of intestinal leakage and enterocutaneous fistula formation [84, 85].
Skin irritation from the adhesive drape or from the foam placed directly on the skin
has been reported.

Given the commonplace use of NPWT by clinicians with varying experience in
the technology, the number of complications may increase. Education about the use
of NPWT, as well as careful attention to potential complications, vigilant monitor-
ing of the device, and early recognition of adverse events, is paramount. As with any
wound care therapy, if there is a complication, the wound is worsening or not pro-
gressing, NPWT should be discontinued (Fig. 12.8).

Fig. 12.8 (a) Sternotomy incision dehiscence with dermatitis from dressing foam placed directly
on the skin. (b) Resolved dermatitis with thin hydrocolloid for skin protection. (¢) Bridged foam
dressing
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Conclusion

In a short time period, the use of NPWT in the treatment of acute and chronic
wounds has become widely accepted and has changed the landscape of wound heal-
ing despite few robust prospective randomized trials. Clinicians have experienced
improved healing in a variety of wounds that otherwise would have lingered or
required complex surgical closure, adding to increased patient morbidity and pos-
sibly even mortality. Researchers continue to debate the optimum interface product
and level of vacuum applied, the kinetics of application and the use of instillation
solutions. New, smaller devices have been developed. There does not seem to be
much debate, though, that negative-pressure wound therapy holds an integral place
in our wound-healing portfolio.
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Chapter 13
Matrices and Dermal Substitutes for Wound
Treatment

Sumanas W. Jordan, Sergey Y. Turin, Eric Robert Zielinski,
and Robert D. Galiano

Introduction

Physiologic wound healing is a coordinated progression of inflammation, prolifera-
tion, and remodeling, toward the goal of a stable, epithelialized scar. Specific pro-
cesses of inflammation, macrophage activation, epithelialization, scar contracture,
collagen deposition, cellular ingrowth, angiogenesis, and matrix remodeling are
closely entwined and may become dysregulated by any number of factors including
infection, ischemia, and poor nutrient supply. When wound healing becomes prob-
lematic and chronic or in wounds with large areas of full-thickness loss, biofunc-
tional wound matrices may serve to change the healing milieu or accelerate
regeneration by reducing substrate needs. As adjuncts to a standard treatment regi-
men of debridement, dressings, and inflammation and edema control, these advanced
wound treatments supplement potential rate-limiting elements such as collagen,
glycosaminoglycans, and growth factors. Herein, we review the vast range of skin
substitutes and biofunctional wound care matrices, highlighting prototypic products
and their specific indications, with a focus on the available evidence for the treat-
ment of wounds.
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Table 13.1 Criteria for application of advanced wound care matrices and dermal substitutes.
Ulcer measurements should be carefully documented at all stages of treatment. Failure of response
is defined as an ulcer that is increasing in size or demonstrates less than 30% closure from baseline.
Wound should be free of infection and underlying osteomyelitis

Acute burn Partial- or full-thickness burns

injury Autograft options undesirable due to lack of donor sites or patient condition

Diabetic foot Present greater than four (4) weeks of duration or failure to respond to

ulcer standard measures, including oft-loading, for greater than one (1) month of
duration

Venous stasis | Present greater than four (4) weeks of duration or failure to respond to
ulcer standard measures for greater than three (3) weeks of duration

Indications and Contraindications

In general, advanced wound care matrices are considered for wounds that have failed
to progress toward healing despite optimal, standard wound care measures over a
defined period of time (Table 13.1). Failure of response is defined as an ulcer that is
increasing in size or demonstrates less than 30% closure from baseline. Sheehan
et al. examined the trajectory of successful wound healing of uncomplicated diabetic
foot ulcers with a standard regimen of off-loading, sharp debridement, and moist
wound dressings and demonstrated that at 4 weeks, those that went on to heal had a
mean reduction in ulcer size of 82% compared to non-healers who had a mean reduc-
tion of only 25%. They concluded that a 53% reduction in ulcer area within the first
4 weeks was predictive of wound closure with a sensitivity of 91% [1]. Similarly,
Phillips et al. studied venous ulcers prospectively managed with a consistent, defined
system of local wound care with a moisture-retentive dressing and edema control
with paste bandage graduated compression. Ulcers with a small baseline area and
short-term duration were more likely to progress to complete healing with a shorter
time to healing. Progress of 44% reduction in ulcer size by 3 weeks was predictive of
complete healing in 77% of cases [2]. These studies demonstrate that early wound
healing may predict the need for adjuncts such as advanced matrices.

In addition to local wound care, the treatment of wounds should include systemic
management of inflammation, blood glucose, general nutrition, pain, and underlying
infection. Contraindications to advanced wound matrices include irreversible hypoxia,
infection, heavy contaminate or bioburden, active Charcot disease, and hypersensitivity
to any of the components of the matrices (Table 13.2). Substrates containing growth fac-
tors should be avoided in patients with active malignancy within the wound bed [3-5].

Historical Perspective and Types of Biofunctional Matrices

Given the vast number of wound care products on the market, it may be useful to
group these biofunctional matrices into some organizational scheme. Some have
categorized the products as temporary dressings or devices versus permanent
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Table 13.2 Contraindications to biofunctional matrices for wound care

Irreversible ischemia (e.g., arterial occlusive disease with ABI < 0.65)

Infection

Grossly contaminated wound or heavy bioburden

Active Charcot disease

Hypersensitivity to any component

Products have not been studied in patients who are pregnant and lactating, have uncontrolled dia-
betes, or are taking corticosteroids or immunosuppression

wound coverage or synthetic versus biological [6, 7]. However, these descriptions
do not provide insight on the mechanism or utility of the substrate to reverse the
wound healing aberrancy, and varying degrees of processing may blur the lines
between synthetic and naturally derived materials. From a historical developmen-
tal perspective, we chose to categorize the advanced wound matrices by their
material components and presumed bioactivity, which roughly correspond to
Food and Drug Administration (FDA) regulation processes. In doing so, clinical
applications for these substrates may be more selective. These four categories are
skin allografts and xenografts, dermal regenerative scaffolds, cellular substrates,
and bioactive decellularized ECM-based products (Tables 13.3, 13.4, 13.5, and
13.6).

Acellular Allogenic Dermal Matrices

Skin allografts and xenografts for wound coverage trace back to the sixteenth
century with the classical notion of “replacing like with like.” However, these
dermal substitutes in non-altered form were subject to rejection. Today,
allografts take the form of minimally processed human tissues that have had
antigenic cellular components removed, such as the prototypic acellular dermal
matrix (ADM), AlloDerm (LifeCell Corp., Bridgewater, NJ). One randomized
controlled trial (RCT) of AlloDerm versus wound gel and gauze dressings for
full-thickness diabetic lower-extremity ulcers (n = 28) demonstrated 86%
wound closure in the AlloDerm group versus 29% in the control group at
16 weeks [8]. AlloPatch (MTF, Edison, NJ) is a newer offering and is also an
acellular human dermis allograft, harvested from the reticular layer of the der-
mis. This selective harvest eliminated orientation specificity and is aimed at
producing a more uniform and more open ADM. A recent study showed effi-
cacy of the device in the treatment of diabetic foot ulcers and 6 and 12 weeks
[9]. However, with respect to wounds, the roles of both allografts and xeno-
grafts generally remain limited to temporary wound coverage prior to auto-
grafting. Table 13.3 lists dermal allograft and xenograft products for wound
healing.
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Dermal Regenerative Scaffolds and Semisynthetic Wound Matrices

A major advance in skin engineering came with the study of collagen and other structural
matrix protein-based biomaterials. We have classified these materials as dermal regenera-
tive scaffolds and semisynthetic wound matrices (Table 13.4). Collagen-based materials
initiate platelet deposition and the inflammatory cascade, stimulate fibroblast prolifera-
tion, and may reset the MMP-TIMP imbalance seen in chronic wounds [10]. In the late
1970s and early 1980s, Yannas and Burke recognized the importance of porosity, protein
degradation rates, and integrin binding site density on fibroblast migration and prolifera-
tion and neovascularization [11, 12]. This led to Integra dermal regenerative template
(Integra LifeSciences, Plainsboro, NJ), a bilayered matrix of cross-linked bovine colla-
gen and shark-derived chondroitin sulfate supported by a semipermeable silicone layer,
which was introduced in 1980 and received FDA approval in 1996 for use in partial- and
full-thickness wounds, pressure ulcers, venous leg ulcers, surgical wounds, second-
degree burns, and draining wounds [13]. Dermal template integration occurs similarly to
autograft take but with a longer time course. Imbibition and fibroblast migration take
place during the first 2 weeks, followed neovascularization by 3 weeks, and matrix
remodeling at 4 weeks [14]. The use of Integra for dermal reconstruction of full-thickness
scalp wounds and complex trauma have been well-documented [15-19]. In one series,
the combination of Integra, negative-pressure wound therapy, and eventual skin graft for
combat injuries with exposed tendon or bone had an overall primary success rate of 83%
[19]. A recent RCT, the Foot Ulcer New Dermal Replacement (FOUNDER) Study
(n = 307), demonstrated its efficacy for the treatment of diabetic foot ulcers with com-
plete closure in 51% of Integra patients compared to 32% in the control group at 16 weeks
(p =0.001). Mean time to closure was 43 versus 78 days, respectively [20].

Talymed (Marine Polymer Technologies, Inc., Danvers, MA) is a wound care device
composed of poly-N-acetylglucosamine derived from microalgae for the management
of various full- and partial-thickness wounds including diabetic ulcers, venous ulcers,
pressure sores, surgical wounds, and second-degree burns [13]. Talymed provides
wound coverage and supplements wound healing with inherent antibacterial proper-
ties. Similarly, Biobrane and Hyalomatrix are composed of a biologic construct (por-
cine Type I collagen in the case of Biobrane and benzyl esters of hyaluronic acid, in
case of Hyalomatrix) bonded to a synthetic substrate (nylon mesh fabric and semiper-
meable silicone layer for Biobrane and Hyalomatrix, respectively). These products,
unlike Integra should be expected to function more as a biologically active dressing
supporting the wound healing process already occurring in the wound bed, as opposed
to a true regenerative matrix that provides a scaffold for tissue ingrowth.

Cellular Substrates: Human Skin Equivalents
Jor Wound Healing

Following these relatively inert biomaterials designed to act as scaffolds for host
cell migration, cellularly augmented products were developed, often utilizing fetal
or neonatal fibroblasts and keratinocytes. Cellular substrates (Table 13.5) provide
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temporary wound coverage and are thought to actively secrete and regulate cyto-
kines and other growth factors to stimulate wound healing [21]. The cellular human
skin equivalents are eventually replaced by host cells [22]. In a systematic review of
13 RCTs of largely cellular substrates (e.g., Apligraf, EpiFix, Hyalograft 3D) for the
treatment of diabetic foot ulcers, Santema et al. found a pooled risk ratio for com-
plete healing of 1.55 (95%CI 1.30-1.85) in favor of advanced wound care matrices
with a possible trend toward fewer limb amputations [23].

The prototypic product, Apligraf (Organogenesis, Canton, MA), is a living bilay-
ered composite of bovine type I collagen seeded with human fibroblasts and an
outer epidermal layer of human keratinocytes derived from neonatal foreskins.
Apligraf received premarket approval (PMA) by the FDA in 1998 for the treatment
of recalcitrant venous stasis ulcers of greater than 1-month duration and in 2001 for
non-healing diabetic ulcers of greater than 3-week duration which extend through
the dermis but without tendon, muscle, capsule, or bone exposure [13]. For diabetic
foot ulcers, Veves et al. reported significantly higher rates of complete wound heal-
ing by 12 weeks with Apligraf treatment compared to standard wound care (56% vs
38%) with shorter median time to closure (65 vs 90 days) [24]. For venous stasis
ulcers, Falanga and colleagues compared Apligraf with compression therapy to
compression therapy alone and observed 63% wound closure with Apligraf com-
pared to 49% in the compression only group at 6 months (p = 0.02) [4]. Moreover,
the group found that Apligraf was more efficacious than standard therapy for
difficult-to-heal venous stasis ulcers >1000mm? and those present for greater than
1 year (49% Apligraf vs 19% control) [3]. Figure 13.1 shows a case example of
Apligraf applied to a non-healing radiation ulcer.

Cellular Substrates: Placental-Derived Wound Therapies

There has been a recent trend toward placental-derived materials such as EpiFix
(MiMedx, Marietta, GA), Grafix (Osiris Therapeutics, Columbia, MD), AmnioBand
(Musculoskeletal Transplant Foundation, Edison, NJ), and Neox (Amniox, Atlanta,
GA). AmnioBand and EpiFix are examples of dehydrated human amnion/chorion
allografts (dHACA). Though proprietary material processing can vary widely and
significantly affect bioactivity, these products are thought to be rich in collagen
types IV, V, and VII as well as bound and soluble platelet-derived growth factor-AA
(PDGF-AA); PDGF-BB; transforming growth factor o (TGFa); TGFf1; basic
fibroblast growth factor (bFGF); epidermal growth factor (EGF); placental growth
factor (PIGF); granulocyte colony-stimulating factor (GCSF); interleukin-4, inter-
leukin-6, interleukin-8, and interleukin-10; and TIMP-1, TIMP-2, and TIMP-4
(Fig. 13.2) [25]. In vitro soluble extracts of dehydrated amnion/ chorion (reportedly
similar to EpiFix) have been shown to increase cell proliferation and migration of
mesenchymal stem cells, adipose-derived stem cells, and hematopoietic stem cells,
though the clinical implications of these studies remain unknown [25, 26]. A recent
multicenter, RCT compared AmnioBand, a dehydrated amnion/ chorion allograft,
to standard-of-care off-loading, debridement, and moist wound dressings for the



Fig. 13.1 Non-healing radiation ulcer treated with Apligraf. (a) Prior to debridement; (b) interme-
diate appearance following treatment with Apligraf; (c) healed ulcer at 6 weeks
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Fig. 13.2 Tllustration of the structure of dehydrated human amnion/chorion allografts (Adapted
from DiDomenico LA et al. Plastic and Reconstructive Surgery — Global Open. 4 (10):e1095,

October 2016)
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Fig. 13.3 Application of dehydrated amnion/chorion allograft ({HACA) to a diabetic lower-
extremity wound. (a) AmnioBand membrane (Musculoskeletal Transplant Foundation, Edison,
NJ) hydrated with sterile saline and placed on nonadherent gauze for handling. (b, ¢) Placement of
dHACA onto wound with small overlap with wound edges. (d) Wound with dHACA applied. The
wound was then dressed with a nonadherent dressing and left in place for 1 week

treatment of diabetic foot ulcers (n = 20 per group). At both 6 and 12 weeks, a sig-
nificantly greater percentage of AmnioBand-treated diabetic wounds were healed
compared to controls (70 versus 15% and 85 versus 25%, respectively) with shorter
mean time to heal of 36 versus 70 days, respectively [27]. Application of the product
and clinical photographs are shown in Figs. 13.3 and 13.4. In a separate comparative
study of Apligraf, EpiFix (dehydrated human amnion/chorion allograft), and
collagen-alginate dressings for diabetic foot ulcers, complete wound closure rates
and mean time to heal within 12 weeks were 73% and 47.9 days (n = 33), 95% and
23.6 days (n =32), and 51% and 57.4 days (n = 35), respectively [28].

Decellularized ECM-Based Wound Care Products

The next class of bioactive wound matrices sought to deliver growth factors to affect
the wound healing milieu, without the sourcing or storage issues associated with cel-
lular products. Led by Badylak and colleagues, the field of naturally derived, decel-
lularized biomaterials grew through the 1990s. Acellular wound care devices were
approved under the 510(k) process and were intended to be repopulated by host cells
and absorbed into the wound bed. These substrates targeted impairments observed in
diabetic foot ulcers, including TGF-beta controlled pathways, MMP-TIMP
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Fig. 13.4 Progression of wound healing after application of dehydrated amnion/chorion allograft
(dHACA) to a diabetic lower-extremity wound from Fig. 13.3. (a) Clean wound prior to treatment;
(b) 1-week follow-up; (¢) 2-week follow-up; (d) 3-week follow-up; (e) 4-week follow-up; (f)
6-week follow-up

imbalance, and decreased responsiveness of HIF-1a and VEGF mediated angiogen-
esis [29-31] (Fig. 13.5). Decellularized products such as Oasis wound matrix (Smith
& Nephew, Andover, MA) and ACell UBM (ACell, Inc., Columbia, MD) contain a
“black box” of bioactive ECM molecules from various sources, including small
intestinal submucosa (SIS), urinary bladder matrix (UBM), and foregut. Key media-
tors of cutaneous repair found within the ECM of most tissue types include structural
proteins such as collagen and elastin, cell adhesion molecules such as fibronectin and
laminin, and glycosaminoglycans and proteoglycans [32]. Growth factors including
TGEFp, basic FGF, VEGEF, and other tissue-specific cytokines have also been isolated
from decellularized tissues [33—35]. A partial list of the many decellularized tissue-
based wound dressings, focusing on those that claim to contain significant bioactive
components beyond collagen, is listed in Table 13.6.
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Fig. 13.5 Molecular derangements in impaired wound healing and the proposed mechanism of
action of decellularized ECM-based matrices. Bioactive ECM fragments are released as the wound
device is degraded. These ECM molecules promote cell migration and proliferation, sequester
MMPs, and increase angiogenesis (Adapted from Turner NJ & Badylak SF. Adv Wound Care
(New Rochelle). 2015 Aug 1; 4 (8): 490-500)

Poor mobilization Recruitment of
of progenitor cells progenitor cells

Oasis wound dressing (Smith & Nephew, Inc., Andover, MA) is manufactured
from decellularized porcine small intestinal submucosa (SIS). As one of the earliest
decellularized ECM-based materials for wound healing, several publications have
studied its efficacy for various wound types. Mostow et al. conducted a prospective,
randomized controlled trial (n = 120) of Oasis with compression versus compres-
sion alone for the treatment of chronic leg ulcers. At 12 weeks, modest but statisti-
cally significant differences in complete wound closure was observed (55% of Oasis
group versus 34% of controls, p = 0.0196). At 6 months, no recurrences were
reported from the Oasis group [36]. A similar RCT of Oasis versus moist wound
dressings for chronic mixed vascular ulcers (n = 50) demonstrated complete healing
in 80% with an average time to heal of 5.4 weeks in the Oasis group compared to a
65% rate of complete healing with an average time to heal of 8.3 weeks in the con-
trol group (p < 0.05) [37].

Management of Specific Wounds

General Wound Preparation and Substrate Selection

A problematic wound can be frustrating for both patient and practitioner. Despite
weeks of serial debridements, mechanical off-loading, systemic optimization of
comorbidities, and standard wound care, problematic, chronic wounds may fail to
progress. In this frustrated state of mind, advanced wound matrices may be seen as
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either a potential magical solution or as an unlikely last effort to do something. The
dizzying array of products contributes to the mystical nature of these wound care
adjuncts. However, advanced wound care matrices are better thought of as biofunc-
tional, targeted therapies for dysregulated, stalled, wound healing pathways. Designed
to be placed on a properly prepared bed, biofunctional wound matrices are, in essence,
avascular grafts — scaffolds that the host cells can populate and incorporate to reset
and promote the healing environment. To the extent that a noninfected, not critically
ischemic wound bed may be achieved, these substrates may accelerate wound healing
in difficult wounds. The following represent general guidelines for selecting biofunc-
tional matrices and dermal substitutes based on wound pathology. The reader is
advised to consult specific insurance company guidelines for any required documen-
tation for wound care adjunct use to be considered medically necessary.

Burns

Dermal substitute use in the burn patient differs from the majority of applications
discussed in this publication, as acute burns may involve large areas with unavail-
able donor autograft sites, intense local and systemic inflammation, and different
goals for time to healing to minimize scarring (ideally less than 2-3 weeks) [38, 39].
The burn wound bed contains high concentrations of reactive oxygen species and
inflammatory mediators such as IL-1, TNF-a, PGE2, and hydrogen peroxide [40,
41]. Uncontrolled inflammation and edema may result in extension of the initial
injury, while control of inflammation may limit tissue loss [42]. Primary goals in the
management of the acute burn wound include temporary wound coverage to prevent
evaporative fluid and heat losses, protection of the wound bed from infection, pre-
vention of functional contracture, and minimization of pain [43].

Temporary wound coverage was initially accomplished with xenografts and
allografts, which still remain widely used for this purpose. Xenografts and allografts
will be rejected by the patient and will not incorporate, but may buy time while the
patient’s physiologic status is stabilized.

Synthetic dermal regenerative templates (Table 13.4) containing collagen are
hypothesized to downregulate the local inflammatory response, while silicone lay-
ers serve to decrease heat and evaporative losses. For partial-thickness burns or
split-thickness autograft donor sites, dermal regenerative templates such as Biobrane
(no longer available in the USA) have been shown to prevent wound desiccation,
reduce pain and dressing changes, and accelerate healing [44—46]. TransCyte, which
is a fibroblast-seeded form of Biobrane, has been supported by multiple studies and
RCT to decrease inpatient stay in children and adults [47, 48], stimulate epitheliali-
zation [49], and decrease hypertrophic scarring. For full-thickness burns, dermal
regenerative templates such as Integra (Integra LifeSciences, Plainsboro, NJ) can
protect exposed structures, such as tendon and bone, and prepare the wound bed
prior to flap or autograft [12]. Briefly, Integra has also been successfully used to
resurface chronic burn contractures.

A summary of dermal substitutes for burn care are listed in Table 13.7.
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Table 13.7 Dermal substitutes and biologic matrices for acute burn care

Product Indication
Integra Full-thickness or severe burns with limited autograft options
Biobrane Superficial partial-thickness burns and donor site after debridement, when

autograft not available or not desirable due to patient’s physiologic condition

TransCyte Deep partial-thickness and full-thickness burns

Epicel FDA approved for TBSA > 30% deep partial-thickness or full-thickness burns,
in combination with split-thickness skin graft, or on its own

OrCel Donor sites

Diabetic Foot Ulcers (DFUs)

Diabetic foot ulcers (DFUs) are prevalent, costly, and leading causes of hospitaliza-
tions and limb loss in the diabetic population [50, 51]. Diabetic neuropathy, repeated
minor trauma, and foot deformity are implicated in pathogenesis of DFUs and can
be found in 63% of all patients presenting with DFUs without concomitant arterial
insufficiency [52]. Patients are likely to have associated comorbidities that further
affect wound healing capacity, namely, renal insufficiency, immunosuppression,
cardiac and vascular disease, and neuropathy. Biofunctional matrices for DFUs are
indicated as an adjunct to comprehensive wound therapy (including but not limited
to surgical debridement, complete off-loading, orthopedic correction, vascular
intervention, and glucose control) in wounds that have not progressed toward heal-
ing after a period of 4—-6 weeks, with no current evidence of infection in the wound
bed, adequate perfusion of the limb, and adequate diabetes control (no current
HbAlc reading above 12%).

Multiple derangements are recognized that contribute to poor wound healing in
the diabetic patient on the molecular and cellular level. Reduced TGF-f signaling has
been shown in a diabetic rat model to affect cell migration and decrease myofibro-
blast activity and wound contraction [53]. Derangements in the MMP-TIMP bal-
ance, with increased MMP and reduced TIMP levels beyond the early phases of
wound healing, results in ECM degradation and an unstable foundation for cell
migration [54]. High levels of matrix metalloproteinases and endopeptidases, which
degrade extracellular matrix proteins and mediate apoptotic ligand release and cyto-
kine inactivation, have been clinically observed in human diabetic foot wounds [31].
The responsiveness of hypoxia-inducible factor-1a (HIF-1a) in diabetic fibroblasts
as well as in normal fibroblasts under high glucose conditions is diminished, result-
ing in poor hypoxic upregulation of VEGF and impaired angiogenesis [29, 30, 55].
As aresult of the interplay of these processes, keratinocyte migration from the wound
edge of diabetic patients is reduced by up to 60% [56]. Risk of infection is raised due
to granulocyte dysfunction [57].

The role of biologic wound care matrices in DFUs is very different than in the
burn setting. The normal wound healing pathways have been dysregulated, and the
chronic wound is stalled in a state of excess inflammation, arrested epithelialization,
extracellular matrix degradation, and impaired angiogenesis. The ideal cellular and
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decellularized ECM-based devices therefore function, in combination with debride-
ment, to restore the wound to an acute wound state and to replace or stimulate the
release of growth factors and appropriate cytokines. Restoring the regenerative state
and providing a scaffold to stabilize the wound bed (as in the case of any device
providing an ECM matrix) helps the MMP-TIMP balance that would allow for
deposition of a healthy granulation tissue and neovascularization of the provisional
matrix afforded by the device itself.

Clinical Trials

Tables 13.8 and 13.9 summarize the results of the landmark efficacy and comparative
randomized controlled trials (RCTs) for biologically active matrices for the treatment
of diabetic foot ulcers. Though many retrospective and prospective case series exist,
they were not included in this review. Reported outcomes include higher rate of wound
closure (defined as 100% epithelialization with no drainage) and shorter time to
wound closure. These trials, while conducted as RCTs, are usually sponsored by the
manufacturer, raising the possibility of bias toward findings in favor of the device.
Study selection criteria often exclude patients with renal insufficiency, vascular com-
promise, taking immunosuppression or steroid medications, or ulcers with exposed
deep structures. Many trials exclude patients whose wounds have shown progress
over the preceding 30 days. They are designed to show non-inferiority of the device to
the standard wound care (SWC) protocol in the ideal, optimized patient who has
already demonstrated a low likelihood of wound closure with SWC. The outcomes of
these studies have been consistently in favor of advanced wound care devices.

Comparative trials have evaluated multiple products within the same study while
occasionally comparing to standard wound care as well. Attention must be given to
study design since these can favor a particular product. The variability in patient
cohorts owing to different sets of comorbidities, wound locations and size, and
other patient variables can confound the results, leading to some conflicting data.
Unfortunately, patient cohorts are often also small [68, 69], making it difficult to
rely on the results for clinical guidance. At this time, adequate data exist to support
the used of dermal substitute devices as indicated for DFUs failing standard wound
care protocols, but more high-quality studies are needed to compare the devices in
the clinical setting.

Venous Insufficiency Wounds

The pathogenesis of venous leg ulcers (VLUs) from incompetent valves in the
veins of the lower extremities to the development of venous hypertension
involves sluggish flow allowing leukocyte adhesion, chronic inflammation,
destruction of endothelial cells, and ultimately degradation of the dermis with
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skin changes and ulcer formation. Once ulcers form, these wounds are inher-
ently slow to heal due to derangements in blood flow and chronic changes in the
tissue. Risk factors for VLUs include obesity, advanced age, prolonged stand-
ing, physical inactivity, greater height, and genetic predisposition. Compression
and meticulous wound care is the gold standard treatment in treating venous
stasis ulcers, but recurrence remains high. Compression therapy controls edema
and reduces the effective distance between the capillary bed and the tissue, thus
improving hypoxia [70].

While specifics may vary, advanced wound care substrates are indicated where
conventional therapy (such as surgical debridement, elevation, standard dressing
changes, and importantly compression) have been ineffective after a period of
3 weeks, with no current evidence of infection in the wound bed and adequate per-
fusion of the limb [2]. Treatment of VLUs using advanced skin substitutes relies on
multiple factors. All devices provide the benefit of occlusion to provide a moist
wound environment. Acellular products provide a scaffold for vascularization, inte-
gration, and eventual remodeling over time. Cell-containing substrates stimulate
epithelialization and improve the local inflammatory milieu by acting as a tempo-
rary epithelial coverage, thereby downregulating the inflammatory response. Studies
suggest that the recipient cells eventually replace the graft, likely due to stimulation
by the graft cells, similar to the same mechanism by which autograft may stimulate
wound closure [71]. Selected evidence of use of advanced wound care matrices for
VLUs is included in Table 13.10. Many studies were excluded from review for low
sample size or bias owing to inclusion/exclusion criteria. Further research is needed
also comparing these products head to head in RCTs to help guide device choice.

Inflammatory Wounds

Biologic matrix use for inflammatory wounds has been limited to case reports
(Level V) for treating pyoderma gangrenosum [74], sarcoid ulcer [74], and necro-
biosis lipoidica [75]. These products can provide atraumatic coverage to restore a
proper moisture balance and provide regeneration scaffolds and growth factors in
much the same fashion as for DFUs and VLUs. As these wound care devices gain
further acceptance, more data regarding outcomes will hopefully become available
to support their use in treating these challenging wounds.

Practical Considerations

Biofunctional matrices are important adjuncts to standard wound care for chronic
and difficult-to-heal wounds. New products are coming to market continuously,
and the practitioner is cautioned to analyze the data critically. In a recent system-
atic review, Snyder et al. analyzed 15 studies comparing the effectiveness of skin
substitutes in the care of DFUs and VLUs. Out of these 15 studies, the
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conclusions of 6 studies were rated as low strength of evidence, and the other 9
studies were determined to be of inadequate quality to provide any recommenda-
tion whatsoever [13]. While these studies are RCTs, it is important to remember
that inadequate sample size, overly restrictive inclusion and exclusion criteria,
and bias due to sponsorship should all be factored into the final weighting of the
study results.

These biologic products are significantly more costly than standard dressings,
and this expense must be justified in today’s value-driven environment. Cost-benefit
analyses comparing advanced wound care products to SWC in caring for chronic
wounds show superiority of the advanced wound care devices [76—78]. Langer and
Rogowski conducted a systematic review of economic evaluations of human cell-
derived wound care products for the treatment of venous leg and diabetic foot ulcers
[79] and concluded that the current evidence supports the cost effectiveness of these
devices compared to SWC. However, they aptly point out the multitude of method-
ological flaws present in the current cost-benefit analyses and draw the reader’s
attention to the lack of high-quality, prospective evidence to support these conclu-
sions. Moreover, these cost-benefit analyses are predicted on critical assumptions
inherent to such studies (i.e., cost to patient and society of a closed vs open wound,
cost of amputation, standard wound care, etc.) [76].

Conclusions and Future Directions

Biofunctional matrices and dermal substitutes are a heterogenous and rapidly
changing category of advanced wound care devices. The multitude of cellular and
acellular options, as well as variations within each product, can be overwhelming at
first glance. While these biologic substrates may not represent a holy grail for all
wounds, there is ample evidence to conclude that advanced wound care matrices
applied in the appropriate setting are beneficial in the treatment of problematic
wounds. As we continue to identify molecular targets for aberrant wound healing
and as our knowledge and experience with various bioactive and naturally derived
materials grows, biofunctional matrices may become a routine part of a cost-
effective, integrated wound care regimen. The future is bright as scientists and engi-
neers pursue strategies that target specific wound healing pathways through
small-molecule engineering [80] and develop emerging technologies such as three-
dimensional bioprinting [81-83].
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Chapter 14
Arterial Diagnostics

Kaspar Trocha and Samir K. Shah

Peripheral Arterial Disease

Peripheral arterial disease, interchangeably referred to as peripheral vascular dis-
ease, is the pathologic spectrum of chronic and progressive diseases involving ste-
notic or occluded non-cardiac, extracranial arteries resulting in compromised
perfusion. Hemodynamically it is defined as a resting ABI of <0.90, reflecting sig-
nificant arterial disease, and can be subclassified based on anatomy into proximal
aortoiliac disease or more distal, infra-inguinal disease. It is estimated that PAD
globally affects 200 million people, with 8.5 million in the United States alone.
Moreover its prevalence is rapidly increasing with an increase of 23.5% from 2001
to 2010 [1]. Progressive atherosclerotic disease is the principal culprit of PAD,
accounting for 90% of the disease. For this reason the clinician must also be aware
that PAD is a comorbidity associated with systemic atherosclerosis and is a predic-
tor of coronary artery disease and cerebrovascular disease [2—6].

Uncommon in those younger than 50 years of age (<3%), PAD increases to a
prevalence of 14.5% in patients over the age of 70 [7]. The strongest modifiable risk
factors ranked in order for both low-income and high-income countries for the
development of PAD are cigarette smoking, diabetes mellitus, hypertension, and
hypercholesterolemia [8]. Patients who smoke cigarettes are often diagnosed earlier
than non-smokers and have more severe consequences of the disease [7]. It is there-
fore vital to educate the patient that smoking is the most important modifiable
risk factor. Diabetics are also another high-risk group with a fourfold increased
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likelihood of progression to critical limb ischemia (CLI) [7]. Other important risk
factors include black race, elevated levels of C-reactive protein, and hyper-
homocysteinemia [7].

Critical limb ischemia is the most severe form of PAD, represented by a state of
chronic inadequate perfusion and is defined clinically by the presence of rest pain or
tissue loss (ischemic ulcer or gangrene). Disease can be further suggested in patients
with tissue loss together with an ankle pressure of <70 mmHg; however, there con-
tinues to be a discussion regarding the hemodynamic parameters required for a
diagnosis of CLI. The natural history of CLI is dismal: at 1 year there is a 25%
mortality rate with only 45% being alive with both limbs at 1 year [7]. As such, if
technically possible and medically appropriate, patients with CLI should be offered
revascularization to prevent limb loss and improve quality of life [9].

Clinical Evaluation

Intermittent claudication (IC) is the most common complaint of the vasculopathic
patient. It is characterized by reproducible pain, discomfort, or fatigue in muscles of
the lower extremity following exertion that is relieved by short rest. However, it is
estimated that the prevalence of asymptomatic patients exceeds symptomatic
patients with PAD [10]; thus relying on symptomatology will underdiagnose the
disease. The presence or absence of peripheral pulses provides subjective informa-
tion yet cannot confirm or disprove the diagnosis. Clinical suspicion of PAD there-
fore necessitates further objective evaluation. The indications for screening patients
with the use of ABI measurements include all patients over the ages of 70, patients
between 50 and 69 with cardiovascular risk factors (especially smokers and diabet-
ics), those with lower extremity claudication, and, finally, any patient with a 10-year
10-20% risk for a cardiovascular event [7]. It is important to note, however, that
according to the current US Preventive Services Task Force guidelines, there is
insufficient data to support PAD screening using ABI measurements [11].

A physical exam of the circulatory system should focus on the palpation of
peripheral pulses and observe for signs of ischemia. Palpation of upper and lower
extremity pulses should be included as well as the evaluation of exaggerated pulses
or bruits. Specific attention should be paid to the femoral, popliteal, dorsalis pedis,
and posterior tibial pulses. The absence of palpable distal pulses can be quickly
confirmed at bedside with a handheld audible Doppler, and noting the phasicity or
absence of signals can help assess the severity of disease. The skin and its integrity
may often be compromised resulting in changes such as dry, smooth, or shinny skin;
ulcerations; and hair loss. Other changes may include cool extremities, color
changes, hypertrophied skin, or slow-growing nails.
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Ankle Brachial Index

The ankle-brachial systolic pressure index or ABI is recommended as the first-line
noninvasive study to establish a diagnosis of PAD in individuals with signs or symp-
toms suggestive of disease [7](Fig. 14.1). Recent pooled data from a Cochrane
meta-analysis reported a 95% sensitivity and 89% specificity using oscillometric
ABI [12]. Despite its accuracy in the diagnosis of PAD, some dispute that its prog-
nostic value in predicting wound healing is significantly lower compared to other
modalities [13]. Nevertheless the ABI continues to serve as an invaluable diagnostic
assessment. It is performed by obtaining brachial pressures and ankle pressures at
the dorsalis pedis and posterior tibial arteries using a Doppler ultrasound probe,
cuff, and sphygmomanometer. The highest ankle pressure is then divided by the
highest brachial pressure for each limb.

A resting ABI of <0.90 has been shown to have a higher sensitivity than invasive
angiography [7] in the diagnosis of PAD and is a strong correlate for future cardio-
vascular events [14]. An ABI from 1.00 to 1.30 is considered normal, mild to mod-
erate diminished values are from 0.41 to 0.90, and severely diminished values are
equal to or less than 0.40 [15]. However, a subset of patients will present with
exertional leg symptoms and a normal or borderline ABI. To distinguish vasculo-
genic symptoms from neurogenic and other causes, an exercise ABI is recom-
mended. Using a treadmill protocol, symptoms of claudication are reproduced, and
the ABI is collected immediately following the exercise. A drop in baseline ABI
by 20% or a 30 mm Hg decrement in ankle pressures is generally considered
diagnostic.

While this diagnostic modality has a high sensitivity and specificity, it is limited
in the presence of non-compliant, stiff, and calcified vessels frequently seen in dia-
betics, the elderly, and patients with end-stage renal disease. These patients can have
falsely elevated ABI values >1.30. In these patients toe brachial index (TBI) pres-
sures are indicated. TBIs can be reliable even in the face of more proximal arterial
calcification, and values less than 0.70 are suggestive of PAD, and a toe systolic
pressure less than 30 mmHg may represent CLI. Finally, it is important to recognize
that the ABI serves not only as a diagnostic test but also correlates with mortality,
with low and high values associated with increased cardiovascular mortality
[16-18].

Plethysmography: PVR and Segmental Pressure

Plethysmography in the vascular context refers to measurements of arterial inflow
volumes during the cardiac cycle. Indirect arterial pressure measurements are
recorded using an air plethysmograph to provide data using pressure variances as a
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Fig. 14.1 ABI with segmental limb pressures and pulse volume recordings. This patient had bilateral
multilevel disease that is worse on the /left. This is confirmed by lower segmental pressures, dimin-
ished amplitudes of the pulse volume recording, and lower ABI and toe brachial index on the /eft

correlate of flow. PVR is a technique that employs multiple pneumatic cuffs and
pressure sensors at different levels on each leg. Waveforms are then analyzed for
amplitude and contour. The normal arterial waveform will include a rapid upstroke
followed by a sharp peak, a dicrotic notch, and a downslope bowed toward the base-
line. Abnormal waveform patterns such as slow upstroke or flattened waveforms can
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indicate disease. Especially in the diabetic population and other groups affected by
medial calcification where segmental pressures and ABIs may be nondiagnostic,
PVRs, which are unaffected by noncompressibility artifact, are helpful in diagnos-
ing and localizing disease [19]. Limitations include patients with cardiac valvular
disease, hypotension, or tachycardia. Moreover, a lack of standardized, reproduc-
ible quantification methods has limited the use of PVRs in many centers.

Another use of plethysmography is segmental limb pressures, which are obtained
by using a cuff to measure pressures at different levels of the lower extremity. A
decrease in the systolic arterial pressure of 20 mm Hg or more at any one level in
relation to the proximal segment may represent significant disease. Location of
disease can then be comparatively assessed between different levels of the limb.
Considerable diagnostic information can be obtained from this modality; however,
this is not recommended as a stand-alone diagnostic test and should be coupled
with DUS or with ABI, which increases sensitivity and specificity [20].
Incompressible vessels, multilevel disease, and isolated iliac lesions are limitations
of its accuracy [7].

Transcutaneous Oxygen Pressures (TcPQO,)

Recently TcPO, has been described as a more reliable predictor of wound healing
in diabetic foot ulcers when compared to ABI in a systematic review comparing
ABI, TBI, TcPO,, and toe systolic blood pressure (TBP) [13]. TcPO, is a reflection
of the metabolic function of tissue obtained by measuring oxygen (pO,) and carbon
dioxide (pCO,) tension on the surface of the skin. Normal values are approximately
>60 mm Hg, and critical values less than 30 mm Hg are suggestive of inadequate
perfusion [7]. However, this method is highly variable and influenced by various
factors such as limb temperature, edema, age, obesity, thickness of the skin, and
cellulitis. Therefore, caution should be taken when obtaining and interpreting TcPO,
values.

Imaging
Duplex Ultrasound

Arterial duplex ultrasound (DUS) is the most versatile modality in the vascular
lab, and once severity of disease is characterized by ABI, TBI, or treadmill test-
ing, the next step is to determine the disease location, often with DUS. DUS is an
inexpensive, noninvasive method that uses real-time 2D B-mode gray scale



258 K. Trocha and S.K. Shah

PS 379.4 cm/s
ED 37.6cmls

" LT SFA PROX
PROX TO STENT

Fig. 14.2 Ultrasound demonstrating narrowing of a segment of the superficial femoral artery.
Note the elevated peak systolic velocity on the spectral Doppler with turbulent flow also noted on
the color Doppler picture above

images and color Doppler. This is commonly combined with spectral Doppler to
provide anatomic and hemodynamic assessments of arterial flow (Fig. 14.2).
Evaluation of PAD using DUS is highly operator dependent and should be ideally
performed by an accredited vascular lab. In trained hands arterial DUS has proven
to be an accurate diagnostic modality comparable to CTA, MRA, and DSA [21,
22]. At reliable centers, it may also be used as a sole imaging modality to plan
revascularization [23-25], but this is uncommon due to lack of clinician confi-
dence in DUS alone [26].

Grading stenoses using duplex entails measuring peak systolic velocities (PSV),
end diastolic velocities (EDV) and velocity ratios (V,) of adjacent segments of ves-
sels. For example, a lesion with a PSV > 300 cm/s, EDV < 90 cm/s, and a Vr > 4.0
generally correlates with a > 75% stenosis. When an occlusion is present, no color
flow will be visualized, distal waveforms will be significantly dampened, and col-
lateralization may be present. Limitations of DUS arise with the visualization of
iliac vessel presence of multi-segmental disease [27] and lower extremity wounds
that could hinder the ability to perform a detailed exam. As technology continues to
evolve and the need for noninvasive testing increases, DUS will continue to serve as
a fundamental tool for diagnosing, localizing, and monitoring disease.
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Fig. 14.3 3D CTA
reconstruction
demonstrating diffuse
calcific disease of the aorta
and iliac arteries

Computed Tomography Angiography and Magnetic Resonance
Angiography

Digital subtraction angiography has long been considered the gold standard diag-
nostic modality for the evaluation of location and extent of luminal stenosis in
patients with vascular disease [28]. However, its sole use for diagnostic purposes is
decreasing. This is in part due to improving technology and accuracy of CTA and
MRA [29-33].

Despite requiring both iodinated contrast and ionizing, CTA is emerging as a
more convenient modality for diagnosis of PAD compared to MRA (Fig. 14.3).
Generally, the choice of imaging modality will depend on availability, cost, and
experience. The advantages of CTA compared to MRA include but not limited to
quicker scan times and the ability to image patients with pacemakers, defibrillators,
and other metal implants. Technological improvements in spatial resolution, slice
thickness, and the ability to scan the entire vascular tree with decreased radiation
dose using multi-detector CT will continue to improve.

The use of CTA is not without limitations, however. Two of these — ionizing
radiation and contrast — have been mentioned; however, the average dose of
7.47 mSv [34] may have limited impact on an older patient with extensive comorbid
conditions, while effects of radiation on a younger patient should be considered.
Contrast-induced nephropathy continues to be a potential side effect of contrast
agents associated with high morbidity and mortality. It is worth noting that this
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association is currently being questioned, with a recent meta-analysis from the
Mayo Clinic showing no independent correlation between contrast administration
and acute kidney injury, death, or dialysis [35].

MRA is an imaging technique that does not use ionizing radiation (Fig. 14.4).
The most common methods are time-of-flight (TOF) non-contrast modalities and
gadolinium-based angiography. TOF relies on flow-related enhancement in which
circulating blood results in a high signal compared to adjacent tissues but may take
up to 90 minutes. Three-dimensional contrast-enhanced MRA is generally consid-
ered to have superior diagnostic performance when compared to 2D TOF-MRA
[36]. MRA has several disadvantages. First, gadolinium-based MRA is associated
with nephrogenic systemic fibrosis in patients with pre-existing renal dysfunction
(glomerular filtration rate [GFR], less than 30 mL/min/1.73 m?) or acute kidney
injury [37] with an approximate incidence of 2-5% in patients with severe renal
insufficiency [38]. Conversely, a recent prospective cohort study revealed no cases
of nephrogenic systemic fibrosis in patients at an increased risk of its development
over a 2-year time period [39]. Nevertheless, nephrogenic systemic fibrosis is an
incurable chronic condition carrying significant morbidity marked by skin thicken-
ing, hyperpigmentation, flexion contractures of joints, and extracutaneous fibrosis.
However, patients with a GFR of 30-59 mL/min together with a dose of 0.2 mL/kg
or less of gadolinium-based agents are considered at low or no risk for the develop-
ment of NSF [38]. Also, MRA may be contraindicated or limited by the presence of
metal stents and devices, such as pacemakers. Last, vascular calcification, which
may be critical to surgical planning, is underappreciated by MR.

In any event, both CTA and MRA have accuracies comparable to that of conven-
tional angiography [32, 33]. CTA is a modality with fast acquisition times that is
widely available and highly reliable with the ability to obtain 3D images (Video
14.1). MRA on the other hand obviates the need for ionizing radiation and has
established itself as a highly accurate diagnostic modality [40] with newer MR
machines utilizing less contrast, requiring shorter scan times, and less susceptibility
to arterial calcifications that can obscure the accurate interpretation of a stenosis.
Finally, despite powerful imaging techniques, physiologic testing should precede
anatomic evaluations, followed by carefully selected imaging studies to more pre-
cisely identify sites of disease and plan for revascularization.

Angiography

Digital subtraction angiography (DSA) (Video 14.2) has been considered the gold
standard for diagnosis of PAD; however, it is now being challenged by evolving
noninvasive approaches (Figure 14.5a, b). The use of DSA as a first-line imaging
modality for patients with PAD is no longer typical [41]. Its principal advantage lies
in the ability to view flow in real time and ability to intervene via catheter-based
techniques. Major risks, classified as requiring hospitalization, having permanent
adverse sequelae or death following catheter angiography are low: 0.7% [7].



14 Arterial Diagnostics

Fig. 14.4 Three-
dimensional reconstruction
of a gadolinium-based
MRA demonstrating the
arterial vasculature from
the abdominal aorta to the
ankles. Note the bilateral
tibial arterial disease
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Fig. 14.5 (a) Angiography demonstrating a proximal left common iliac artery stenosis prior to
intervention. (b) Angiography demonstrating resolution of a proximal left common iliac artery
stenosis after stent placement and balloon angioplasty

Catheter-related complications such as hematoma are reported to be as high as 10%
[42]. Contrast agents have the potential to produce nephropathy, cardiac toxicity,
and allergic reactions secondary to histamine release such as bronchospasm or
laryngeal edema. Limitations are its underestimation of stenosis [43], inability to
provide 3D images, and crural vessel visualization. For these reasons, and with the
advancement of CTA, MRA, and DUS, the use of catheter angiography is often
reserved as a final diagnostic modality or treatment adjunct (Fig. 14.6).

Emerging as an exciting addition to angiography is the use of intravascular ultra-
sound (IVUS) , which provides real-time 360-degree cross-sectional intra-arterial
images with the ability to assess luminal morphology and plaque distribution
(Fig. 14.7). IVUS is particularly useful as an adjunct to endovascular interventions,
with the ability to provide a more precise location for deployment of stent grafts as
well as limiting the use of radiation and contrast agents [44]. Nevertheless, IVUS
requires additional resources and skills, but its use as an adjunct to angiography has
proven to be instrumental.



14 Arterial Diagnostics 263

H&P Consistent
with PAD

-

Chronic Limb
Ischemia
-Claudication
-Rest Pain

l -Ischemic Ulcer l

Rest Pain/
Ischemic Ulcer

Claudication

v
Non-Invasive
Studies

A 4 A 4

Normal Abnormal

Treadmill ABI | 1t Desire to Evaluate
or TBI Positive for Intervention

NO

*YES

If Negative
Consider Alternate
Diagnosis

Concern for Aortoiliac,
Common Femoral or
complex Disease?

Clinical Surveiliance
+/- Periodic ABI/PVR

YES

Consider Axial Imaging
(CTA/MRA)

Angiography

Fig. 14.6 Choice of diagnostic modality flowchart

Wound Healing and Emerging Techniques

Assessment of wound healing potential involves measures directly related to vascu-
lar supply such as flow, oxygen saturation, and hemoglobin content. Similar factors
have also been described in the angiosome concept, in which the three runoff ves-
sels in the limb supply six areas of the foot. Revascularization is thus targeted to the
relevant angiosome to improve limb salvage rate. This concept remains controver-
sial but there is some evidence supporting its use in patients with CLI and below the
knee lesions, showing that angiosome-directed endovascular treatment resulted in
improvements in amputation free survival and freedom from major amputation [40].

There are a number of instruments to assess morphology of a wound and evalu-
ate tissue perfusion. For the purposes of this chapter, only a few of these technolo-
gies will be mentioned. Hyperspectral imaging (HSI) relies on spectroscopy to
quantify chromophores of interest such as oxyhemoglobin and deoxyhemoglobin.
These values are then reported, with lower mean values predicting poorer wound
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Fig. 14.7 Intravascular
ultrasound image of a
patent common iliac vein
stent. Note the lucency at
12 o’clock consistent with
an overlying common iliac
artery

healing in a small study of 54 patients comparing healing of diabetic foot ulcers
[45]. Other measures of tissue perfusion include microvascular oxygen saturation
and skin perfusion pressure, which rely on spectrophotometry and laser Doppler in
attempts to predict treatment outcomes on wound healing. However, with limited
availability and few studies [46, 47], evaluating the accuracy of these methods as
measures and predictors of wound healing requires additional research.

Optical coherence tomography (OCT) can be applied as an intraluminal diagnos-
tic modality similar to IVUS albeit with higher definition to characterize intravascu-
lar morphology or to evaluate properties of the surface of wounds. It employs
near-infrared light to produce a cross-sectional image in which the reflected near-
infrared light measures the thickness of various tissue sections [48]. As an intra-
arterial device it has become increasingly promising for the evaluation of vulnerable
plaques in carotid and coronary vessels, as well as to monitor the progression of
peripheral arterial atherosclerosis with the unique advantage of being able to evalu-
ate the intimal layer of a vessel [49, 50]. Additionally, it can be used to evaluate the
structural integrity of the skin such as the epidermal layer of the skin, allowing
noninvasive tracking of wound reepithelialization.

Conclusion

PAD is a multifactorial disease that requires deliberate workup and treatment. PAD
has many consequences including the disruption of the cellular and molecular
mechanisms involved in wound healing. As the US population ages and the
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prevalence of risk factors such as diabetes increases, accurate and efficient diagnosis
of PAD is essential. Noninvasive vascular studies, such as the ABI, and cross-sectional
imaging remain crucial tools alongside conventional angiography.
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Chapter 15

Minimally Invasive Arterial Interventions
for Wounds

Dean J. Arnaoutakis and Edwin C. Gravereaux

Introduction

Atherosclerosis of the lower extremities can affect multiple segments of the arterial
tree resulting in symptoms ranging from mild claudication to limb-threatening tis-
sue loss. Critical limb ischemia (CLI) encompasses rest pain and ischemic ulcer-
ation or gangrene of the forefoot and/or toes (Table 15.1). Fortunately, CLI
represents a minority of patients with peripheral arterial disease; however, its inci-
dence is seven times higher in diabetics, and it carries a very poor prognosis reflected
by nearly 60% mortality rate at 5 years [1]. Ischemic ulceration develops after repet-
itive soft tissue trauma resulting in skin erosion, wound formation, and moderate to
severe pain (Fig. 15.1). Wound healing usually does not occur because resting limb
blood flow is inadequate to meet metabolic demands. Without intervention, further
tissue death ensues which can ultimately lead to limb loss.

Endovascular interventions of the lower extremity are distinctly different than
traditional open bypass surgery in that the native, diseased vessel is relied upon to
provide adequate blood flow distally. As such, minimally invasive treatments must
sufficiently improve the culprit arterial stenosis or occlusion in order to restore dis-
tal perfusion thereby resolving claudication or tissue loss. Naturally, endovascular
therapies have advantages and disadvantages that must be balanced when selecting
the best treatment option for each patient.
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Table 15.1 Rutherford Rutherford classification
classification system of Grade Category | Clinical description
chronic peripheral arterial 0 0 Asymptomatic
disease

1 1 Mild claudication

1 2 Moderate claudication

I 3 Severe claudication

11 4 Ischemic rest pain

1 5 Minor tissue loss

1T 6 Major tissue loss

Fig. 15.1 Critical limb
ischemia of right lower
extremity. Chronic
ischemic ulceration of the
toes, forefoot, and heel in a
patient with severe,
multilevel peripheral
arterial disease

Historical Background

Infrainguinal bypass surgery was the gold standard treatment for revascularization
of lower extremity arterial disease for decades due to its durable and reproducible
results [2]. However, this procedure can be morbid, especially in the cardiovascular
patient population, one that is full of frail, elderly patients who suffer from multiple
comorbid conditions. For example, wound complications have been reported in up
to 40% of patients postoperatively after infrainguinal bypass [3]. Many have under-
lying coronary artery disease, and thus the 5% incidence of postoperative myocar-
dial infarction is not trivial [4]. As such, a need arose to provide arterial treatment in
a minimally invasive manner — the endovascular revolution was born.

The first intravascular intervention can be traced back to 1964 when Charles
Dotter, an interventional radiologist in Oregon, dilated an iliac artery by serial inser-
tion of coaxial catheters of increasing diameter [5]. Ten years later, Griintzig
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performed the first balloon angioplasty using a “distensible” catheter [6]. However,
elastic recoil following balloon angioplasty of atherosclerotic plaques was quickly
identified as a limitation to these procedures. Metal stents were consequently devel-
oped to address elastic recoil, first with balloon expandable devices as described by
Palmaz, and subsequently self-expanding technologies gave rise [7]. Since these
initial techniques and devices, endovascular therapies have evolved tremendously
over the past 20 years to include thrombolytic catheters, drug-eluting balloons and
stents, and atherectomy devices. The current day armamentarium is endless thereby
providing the interventionalist with multiple treatment options; however, the sur-
plus of devices makes it incredibly difficult to discern which intervention is the most
clinically and economically effective.

Role of Endovascular Surgery

Given some of the aforementioned disadvantages of open surgical bypass, endovas-
cular treatment options have flourished over the past 20 years. In fact, the number of
peripheral interventions has more than tripled during that period of time [S8].
Percutaneous lower extremity interventions are typically performed using conscious
sedation in an outpatient interventional suite. The avoidance of general anesthesia
along with the lack of a surgical incision is a major benefit that reduces overall
complications and enables patients a quick recovery. Complications from percuta-
neous arterial access do occur (hematoma, pseudoaneurysm, bleeding, thrombosis,
and infection) in up to 8% of cases, but their incidence is much less compared to the
complications after surgical bypass procedures [9]. Finally, conduit type and quality
is irrelevant with endovascular surgery, which can be of critical importance in select
patients.

Limitations to endovascular treatment involve attempts at intervention in heavily
calcified vessels. In these situations, crossing the culprit lesion with a wire and cath-
eter may not be feasible. Even if the lesion can be crossed, the durability of inter-
ventions in these scenarios is questionable. Additionally, many of these patients
have had prior arterial interventions (i.e., aortic endograft) which can alter the anat-
omy of the aortic bifurcation thereby limiting arterial access for the procedure.

Patients with CLI (Rutherford categories 4-6) typically have multilevel arterial
disease that can make percutaneous intervention more complicated and less durable.
The goal should be to restore in-line blood flow to the foot in an expeditious manner.
Ulceration and gangrene should be evaluated using the WIfI classification system as
it has been shown to reliably predict amputation, reintervention, and wound healing
[10, 11]. Oftentimes, pre-procedure imaging with a computed tomography or mag-
netic resonance angiography scan can help plan the procedure most effectively.
Standard noninvasive studies, such as pressure volume recordings and ankle-
brachial indexes, should be obtained as they can aid in localizing disease and pro-
vide a quantitative measure of flow.
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Technique

Access

All interventions require intra-arterial access. Fluoroscopy and ultrasound can be
very useful to safely achieve this goal. The most common manner to achieve this is
via the contralateral common femoral artery (CFA). A 4F micropuncture kit or an
18-gauge needle is passed into the CFA, and then using Seldinger technique an
access sheath is inserted over a guide wire. The target lesion can then be addressed
in a retrograde fashion. An alternative point of entry is the ipsilateral CFA, which
can be useful in those patients who have had prior aortic reconstruction as there is
no need to navigate the aortic bifurcation. Gaining this access can be difficult, espe-
cially in obese patients as the abdominal wall pannus can limit the amount of work-
ing length proximal to the profunda femoris artery. Additional access points include
the brachial artery as well as the ipsilateral tibial vessels. Limitation to using the
brachial artery, besides its relatively small size, is its distance to the target lesion(s)
as the working lengths of necessary devices may not reach.

Diagnostic Imaging

Typically, after inserting a S5F sheath in the contralateral CFA, a flush catheter is
advanced in a retrograde fashion to the abdominal aorta to obtain angiographic
images of the aortoiliac segment. Doing so not only provides information regarding
the need for intervention in the inflow vessels but also provides a roadmap for send-
ing a wire and catheter over the bifurcation toward the iliac artery of the affected
leg. Once the catheter is positioned at the inguinal ligament, images are obtained of
the CFA, superficial femoral artery (SFA), and profunda femoris artery using digital
subtraction angiography (DSA) (Fig. 15.2a). In order to best visualize the femoral
bifurcation, the image intensifier should be rotated 30—45 degrees in the ipsilateral
direction. The remainder of the leg (popliteal and tibial segments) can be imaged in
stations after adjusting the contrast rate and volume (Fig. 15.2b—d). Next, the
images are reviewed to identify the lesion(s) of interest so as to best devise an inter-
ventional plan.

Lesion Crossing

Crossing the target lesion with a wire and catheter is required for percutaneous
intervention. A plethora of wires, catheters, and devices in different diameters and
lengths, which are beyond the scope of this chapter, are available to assist in this
regard. In order to maximize the chance of successful lesion crossing and
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Fig. 15.2 Diagnostic angiogram of the left lower extremity. Series of diagnostic images using
digital subtraction imaging of the left lower extremity showing normal anatomy. (a) Depicts the
common femoral artery and its bifurcation into the superficial femoral and profunda femoris arter-
ies. (b) Depicts the superficial femoral artery as it crosses the adductor canal becoming the above-
knee popliteal artery. (¢) Shows the popliteal artery and the three tibial vessels. (d) Lateral view of
the foot showing the dorsalis pedis and posterior tibial arteries
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subsequent intervention, a long, flexible 6F sheath should be inserted to the CFA of
the affected leg in order to provide additional support to the coaxial system. Systemic
heparin sulfate (100 units/kg) should then be administered.

Staying within the true lumen of the vessel while crossing an area of stenosis is
critical so as to not create a dissection plane. A hydrophilic wire with a floppy tip is
usually used with the help of a torque device to slowly navigate through the narrow
lumen. A support catheter can be employed to provide directionality to the wire tip.
Chronic total occlusions can prove more difficult to traverse. In these situations, the
wire can create a subintimal plane as it passes the chronic occlusion. Once the wire
and catheter are beyond the lesion and positioned in the area of presumed target
lesion reconstitution, the wire should be withdrawn to check for back bleeding from
the catheter as this suggests successful reentry into the true lumen. Small volume of
contrast can also be injected into the catheter under fluoroscopy to confirm that the
catheter is within the true lumen. If not, the catheter and wire should be withdrawn
back to the area of occlusion; then, subsequent attempts to direct the system across
the lesion and naturally into the true lumen should ensue. If this fails despite multiple
attempts, a reentry device can be used to facilitate this process; however, these
devices are expensive and can be cumbersome to use. These principles are applica-
ble in whether crossing a lesion in the femoral, popliteal, or tibial segment.

Intervention Options

Once the target lesion has been crossed with a wire, multiple different treatment
options exist that rely on either lumen distention (angioplasty, stenting) or plaque
reduction (atherectomy). Oftentimes, these modalities are combined.

Balloon Angioplasty

Angioplasty balloons have evolved and improved over the past decade such that
they are smaller profile and more “trackable” across tight lesions. The balloon is
placed at the distal-most extent of the disease and then slowly inflated to its profile
diameter (Fig. 15.3a-b). The balloon is deflated, moved more proximally, and then
reinflated; this process is repeated until the entire length of disease vessel has been
treated. A completion angiogram is then performed to assess the result (Fig. 15.3c).
Balloons come in a variety of diameters and lengths and are used over three main
guidewire platforms (0.014”, 0.018", or 0.035” wires). Typical diameters utilized
for the femoropopliteal segment range from 4 to 7 mm and 1.5 to 3 mm for the tibi-
als. More recently, angioplasty balloons can be coated with drug-eluting medica-
tions (i.e., paclitaxel) with the intent of decreasing rates of intimal hyperplasia. The
cost-effectiveness of these new balloons has yet to be determined.
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Fig. 15.3 Balloon angioplasty of the left lower extremity. Balloon angioplasty of a diseased distal
superficial artery in a patient tissue loss of the toes. (a) Depicts the area of stenosis pretreatment.
(b) A 4 x 150 mm balloon catheter is positioned and inflated to its nominal size. (¢) Completion
angiogram showing improved flow

An advantage of using balloon angioplasty alone is that no foreign substrate (i.e.,
metal stent) remains within the vessel arguably decreasing a nidus for intimal hyper-
plasia. However, inflation of the balloon inherently traumatizes the arterial wall
which may not only instigate the inflammatory process underlying intimal hyper-
plasia but also can cause an arterial dissection (Fig. 15.4) or even rupture. If a dis-
section occurs, stenting is selectively utilized in a “bailout” fashion. In addition, a
heavily calcified lesion may have a poor response to balloon angioplasty alone (>
30% residual stenosis) in which case stenting is needed.

Stenting

The purpose of stenting is to provide support for the expansion of a heavily calcified
arterial lumen that did not respond well to angioplasty or to treat an iatrogenic flow-
limiting dissection that occurred after angioplasty, as previously mentioned. Most
stents used currently in the femoropopliteal level are self-expanding nitinol stents as



276 D.J. Arnaoutakis and E.C. Gravereaux

Fig. 15.4 Iatrogenic
dissection from balloon
angioplasty. Angiogram of
heavily diseased superficial
femoral artery pre-balloon
angioplasty. Completion
angiogram post-balloon
angioplasty showing areas
of iatrogenic focal
dissection (red arrows) of
the treated vessel. Such a
result requires “bailout”
stenting

opposed to stainless steel. Nitinol offers improved flexibility, excellent radial force,
and decreased kinking or fracturing. Notably, self-expanding stents cease to exert an
outward radial force once their nominal diameter is reached. As such, these stents
are oversized by 1 mm-2 mm to the true arterial lumen diameter so that the stent
continually applies radial force on the arterial lumen. Once deployed, self-expanding
stents may require a brief balloon angioplasty to facilitate their expansion (Fig. 15.5).

Covered stents (Viabahn, W. L. Gore & Associates, Flagstaff, AZ), which have
been approved for use in the SFA, are another stenting option. Some believe this
stent design decreases intimal hyperplasia since the fabric prevents tissue ingrowth
[12]. Covered stents can also be very useful in emergency settings when there is an
arterial injury resulting in extravasation.

Finally, based on the experience and data from the coronary circulation, some
peripheral self-expanding stents are now designed with drug-eluting capabilities
with the goal of minimizing intimal hyperplasia and increasing patency rates. Local
delivery of antiproliferative agents to the vessel wall via an eluting polymer inhibits
endothelial cell migration and proliferation, which form the basis for restenosis.
Similar to the drug-eluting balloons, there have been some encouraging early
results, but more data is needed to verify their clinical and economic utility [13].

Options for stenting in the tibial vessels are much more limited than the femoro-
popliteal segment. Stenting is often avoided in these vessels, but if needed there are
small diameter, balloon-expandable coronary stents that can be used off-label.
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Fig. 15.5 Stenting of the
left superficial femoral
artery. (a) Pretreatment
angiogram showing
moderate proximal-mid
superficial femoral artery
atherosclerotic disease. (b)
Completion angiogram
after the deployment of a 7
% 200 mm self-expanding
stent

As alluded to multiple times, the main complication with stenting is the develop-
ment of restenosis invariably due to intimal hyperplasia. Additionally, stents are
placed in very dynamic parts of the leg, and thus they can fracture after repeated
flexion, extension, and twisting. Stent fracture can be a benign event, or it can lead
to thrombus formation with subsequent ischemia.

Atherectomy

Atherectomy devices shave away calcified plaque thereby increasing luminal diam-
eter. Some devices use a rotational design which sand the plaque whereas others use
laser energy. The devices come in different sizes making them useable in both femo-
ral and tibial vessels. This technique, much like the others previously mentioned,
emanated from the coronary circulation experience. The theoretical advantage of
atherectomy is that reducing the plaque burden eliminates the need for stenting and
subsequent restenosis. However, inevitably debris is produced during this process
which can embolize distally leading to ischemia. Embolic protection devices can be
used concomitantly, but these add substantial expense to an already expensive
device and have not been shown to clinically improve results. In general, there has
been no substantial evidence that atherectomy in the lower extremities is superior to
plain old balloon angioplasty and/or stenting. Its utility may be in select situations
where stenting is known to have very poor results — when treating a focal plaque
directly behind the knee.
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Outcomes

Multiple outcome measures have been created for assessing the success of an
endovascular intervention. Technical success, patency rates (primary, primary
assisted, and secondary), and restenosis rates are frequently reported, but these mea-
sures do not provide any commentary on the patient’s clinical status. Accordingly,
many studies capture clinical response to treatment — namely, whether there has
been resolution of claudication or rest pain (improved Rutherford category), healing
of ulcers, or freedom from either minor or major amputation.

Outcomes mostly depend upon several important items including the lesion
length and character, pattern of disease, clinical indication, comorbid conditions,
and intraprocedural findings. Not surprisingly, patients with CLI and multiple
comorbidities who have long segment lesions at multiple levels have the worst out-
comes. In a meta-analysis of over 900 angioplasty procedures of the femoropopli-
teal vessels, the 3-year primary patency rate was 61% in claudicants with stenosis,
48% in claudicants with occlusions, 43% in those with CLI and stenosis, and 30%
in those with CLI and occlusions [14]. Generally, these rates drop off when per-
forming balloon angioplasty below the popliteal artery as demonstrated by a meta-
analysis showing a 3-year primary patency of 48% [15].

The benefit of stenting over angioplasty alone in the femoropopliteal segment is
not entirely clear. In the Femoral Artery Stenting Trial (FAST), no difference was
found in the 1-year restenosis rates between angioplasty (39%) versus angioplasty
and stenting (31%) [16]. In contrast, another randomized controlled trial comparing
angioplasty with selective stenting versus primary stenting found a benefit toward
stenting with regard to 1-year restenosis rates (63% vs 37%) [17]. With regard to
infrapopliteal disease, randomized trials comparing these two modalities have yet to
be performed. Several prospective series describe similar short-term results between
angioplasty and stenting with 1-year patency rates in the 70-80% range [18].

Translating these patency and restenosis rates into clinically meaningful metrics
of ulcer healing, limb salvage, and amputation-free survival is essential. The 3-year
limb salvage rate was 82% in a meta-analysis of infrapopliteal balloon angioplasty
for CLI, an outcome that is comparable to rates seen after infrapopliteal bypass
surgery [15]. In the Bypass versus Angioplasty in Severe Ischemia of the Leg
(BASIL) trial, which compared angioplasty alone to open bypass in patients with
severe leg ischemia, the 5-year amputation-free survival in the angioplasty group
was nearly 50%. So, even though the long-term patency rates after endoluminal
treatment of patients with CLI are average at best (and certainly worse than bypass
surgery), the limb salvage rates are acceptable (and on par to surgical bypass). This
finding suggests that many patients with CLI require a relatively brief period of
revascularization to heal their ischemic wound (Fig. 15.6). However, these encour-
aging results should not translate into the broad application of endovascular therapy
first in all CLI patients (a practice that is common in many centers). Patients in the
BASIL trial who had a failed initial angioplasty had significantly worse limb sal-
vage rates, even if they underwent a subsequent bypass, suggesting that an endovas-
cular first approach should not be employed routinely [19].
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Fig. 15.6 Healing of chronic ischemic ulcer following tibial angioplasty. (a) Chronic ischemic
right foot ulcer in diabetic patient with severe tibial disease. (b) Diagnostic angiogram showing
single-vessel runoff (severely disease posterior tibial artery, occluded anterior tibial artery, and
patent peroneal artery). (c—d) Post-angioplasty angiogram showing two-vessel flow to the foot. (e)
Healthy granulation tissue at base of wound following 4 weeks of negative pressure dressing treat-
ment. (f) Skin grafting of wound with ultimate limb salvage
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Conclusion

The introduction and evolution of minimally invasive therapies have changed the
landscape of managing ischemic wounds of the extremities. Balloon angioplasty,
stenting, and atherectomy can attain limb salvage rates that are equitable to those
after open bypass surgery but without the prolonged and morbid recovery periods
seen after bypass surgery. Much more organized data, preferably from randomized
trials, is needed to discern which technique and device are clinically superior yet
financially palatable.
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Chapter 16
Endovascular Venous Interventions

Chieh-Min Fan

Introduction

Effective treatment of venous ulcers requires a coordinated approach between
meticulous local wound care, infection control, patient education and lifestyle mod-
ification, and mechanical reversal of underlying treatable venous insufficiency and
obstruction. While conventional surgical vein stripping and ligation may be indi-
cated in select situations, open surgical procedures have largely been superseded by
imaging-guided minimally invasive endovenous techniques. Endovenous thermal or
chemical vein ablation can selectively close incompetent veins, while venous
thrombolysis and stenting can restore flow in segments with post-thrombotic
obstruction. These modern vein treatments, performable through needles or small
catheters through micro-incisions, facilitate treatment of venous disease without
requiring surgical incisions in a tissue bed compromised by chronic inflammation
and poor wound healing. Endovenous procedures can also often be done in an out-
patient setting without general anesthesia or sedation, thus promoting post-
procedural mobility with decreased thrombotic complications and recovery time.
This chapter will provide an overview of the role of endovenous therapies in the
treatment of venostasis ulcers.

Background

Venous Anatomy and Physiology The venous system of the lower extremity is
comprised of three components: a deep venous system, a superficial venous system,
and a system of connecting perforator veins linking the deep and superficial veins.
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Fig. 16.1 Venous anatomy
of the lower extremity: (A)
common femoral vein; (B)
deep femoral vein; (C)
femoral vein; (D) popliteal
vein; (E) paired calf veins
(anterior tibial, peroneal,
posterior tibial); (F) small
saphenous vein; (G) great
saphenous vein; (H)
posterior accessory
saphenous vein; (I)
anterior accessory
saphenous vein

The deep venous system is a series of large capacitance veins running in the core of
the limb deep to the deep fascia and large muscle groups. From peripheral to central
location, the named deep veins include the paired calf veins (peroneal, posterior
tibial, and anterior tibial), major calf muscular tributaries (gastrocnemius and soleal
veins and their sinuses), and the popliteal, femoral, deep femoral, and common
femoral veins (Fig. 16.1). Above the inguinal ligament, the deep system continues
in the pelvis as the external iliac and internal iliac veins that converge into the com-
mon iliac veins that terminated at the inferior vena cava. The deep veins provide the
dominant venous drainage for the lower extremity, carrying approximately 90% of
the venous return. Extending from central to peripheral, the superficial venous sys-
tem consists of the saphenous veins (great, small, and accessory saphenous) which
receive inflow from tributary and reticular branches. These in turn receive venous
return from the small veins of the skin. The saphenous veins reside in the saphenous
space between the superficial and deep fascial layers, while the other components of
the superficial venous system reside outside the superficial fascia in the subdermal
tissues and skin. Retrograde flow is prevented by a series of bicuspid one-way
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valves spaced along the course of the veins. The deep and superficial venous sys-
tems connect at the saphenofemoral and saphenopopliteal junctions and through
approximately 60 valved perforator veins that connect the superficial and deep
venous structures and promote predominantly unidirectional flow of venous blood
from the superficial to deep veins [1-3].

Unlike circulation in the pressurized arterial system, flow in the veins is a passive
process, driven by external compression of venous structures by surrounding mus-
cular contraction and cyclical variation in abdominal pressure during the respiratory
cycle. During contraction of the thigh and calf muscles, the deep veins compress
and empty in the cephalad direction resulting in a sudden drop in deep venous pres-
sure. Lubrook demonstrated that with rhythmic exercise, the venous blood volume
is reduced by 65% in the calf and 15% in the thigh. During muscular relaxation, the
lower pressure in the empty veins promotes passive flow of blood from the higher
pressure superficial veins via perforator veins. As deep veins refill and pressure
increases, the perforator valves close and the cycle repeats [1, 4-6].

Pathophysiology of Venous Ulcers Venous ulceration represents the damaging
end-organ effects of advanced chronic venous hypertension resulting from the pres-
ence of valvular insufficiency (reflux), venous obstruction, or both. Valvular reflux
can involve the deep, superficial, and perforator systems and is characterized as
primary in the absence of prior thrombotic event, or secondary as the result of post-
thrombotic damage. There is a strong causal relationship between deep vein throm-
bosis and the development of axial venous reflux. Yamaki et al. performed serial
duplex US on 67 limbs with DVT and noted that while at 1 year 76% of thrombose
segments had recanalized, deep venous reflux developed in 43% of limbs with mul-
tisegment DVT and in 20% in limbs with single segment thrombosis [7]. Venous
reflux is not limited to sites of thrombosis-related valve damage only, and can
develop in vein segments remote from the site of thrombosis likely from down-
stream effects of regional obstruction-related venous hypertension [8]. Post-
thrombotic venous insufficiency may develop into a clinical post-thrombotic
syndrome (PTS), characterized by chronic limb swelling, pain, venous claudication,
inflammatory skin changes, and ulceration. Approximately 20-50% of patients with
symptomatic DVT will develop PTS within 2 years despite adequate DVT treat-
ment, and 25-30% of these cases will be severe with risk of ulceration [9]. Risk
factors for developing PTS include multilevel DVT, proximal iliofemoral DVT,
recurrent ipsilateral DVT, and inadequate anticoagulation treatment [10-12].

The pathogenesis of primary venous insufficiency is not fully known but is
believed to be a multifactorial process with age, gender, parity, body habitus, life-
style, and genetics all playing a role. The Tampere study of 3284 men and 3590
women ranging from 40-60 years in age demonstrated that the prevalence of venous
insufficiency was greater in women than men (48% versus 18%) and increased with
age and increasing parity [13]. Obesity may be a minor risk factor for primary
venous insufficiency as shown by the Edinburgh vein study and Callum’s review of
21 epidemiological studies on varicose veins [14, 15]. A hereditary component to
primary venous insufficiency has long been postulated, with Cornu-Thenard et al.
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showing the risk of varicose in subjects with unaffected parents was 20%, 25-62%
with one affected parent, and 90% with two affected parents [16]. The recent
advances in human genome analysis have stimulated increasing interest in the
genetic basis of venous disease. Markovic et al. showed through DNA microarray
analysis that compared with normal controls, patients with chronic venous insuffi-
ciency exhibit downregulation of regulatory genes of collagen synthesis and over-
expression of hydroxyprostaglandin dehydrogenase-15 enzyme (HPGD), a molecule
that decreases prostaglandin activity and downregulates inflammation in vivo [17].

The role of perforator veins in ulcer formation deserves special discussion.
Isolated perforator incompetence is present in only 3.2% of venous ulcer patients
[18] indicating that it is unlikely to play a primary role in the pathogenesis of venous
ulcers. However, perforators are intermediary conduits that once recruited into the
disease process play a key role in the extension of disease between the superficial
and deep zones. Labropoulos et al. demonstrated an incompetent perforator vein
(IPV) prevalence of 28% in the setting of chronic venous disease versus none in
normal controls. Both Delis and Labropoulos found that perforator diameter and
flow increased in patients with advanced CEAP C3-6 disease compared with CEAP
C1-2 disease [19, 20]. There are two mechanisms by which perforator dysfunction
can develop: antegrade overload of the perforator valve due to excess inflow from
superficial venous reflux or retrograde blowout of the perforator valve from chronic
deep venous hypertension. It is common to find pathological perforators in proxim-
ity to the ulcer bed, and the SVS/AVF clinical practice guidelines for care of patients
with venous disease define three criteria for a pathologic perforator: diame-
ter > 3.5 mm, > 500 ms of retrograde flow, and anatomic location of the IPV beneath
a healed or active ulcer. These guidelines recommend treatment of pathological
perforators occurring in the setting of healed or open venous ulcers [21].

The presence of chronic ambulatory venous hypertension incites ulcer formation
through a complex inflammatory cascade. High venous pressure transmits to the
capillary bed resulting in leakage of macromolecules such as fibrin, fibrinogen, and
a-macroglobulin into the pericapillary tissues and subdermal space. The fibrin and
fibrinogen may form a barrier to oxygen and nutrient transfer as well as causing
downregulation of collagen synthesis, while a-macroglobulin may act as a scaven-
ger of growth factors. These processes act collectively to slow tissue repair. Venous
hypertension also incites leukocyte trapping in the microcirculation of the wound
with subsequent release of cytotoxins, proteolytic enzymes, and free radicals result-
ing in tissue injury [22].

Mitigation of ambulatory venous hypertension by eliminating treatable reflux
and restoring flow through obstructed segments abates the inflammatory cascade
and promotes stable wound healing. As such, venous ulcer management should
include a systematic evaluation and treatment of correctable components of venous
insufficiency in conjunction with use of local wound therapies. Endovenous treat-
ments for chronic venous disease can be divided into two general categories: (a)
techniques for closing or removing incompetent components of the superficial
venous system and (b) techniques to relieve deep venous obstruction through clot
dissolution and stenting of fixed stenoses.
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Patient Evaluation

Clinical Evaluation The Society for Vascular Surgery and American Venous
Forum (SVS/AVF) clinical practice guidelines for care of patients with chronic
venous disease outline best practice recommendations for evaluation of the chronic
venous insufficiency patient. This includes obtaining a complete patient history
with targeted review of prior vein treatments including compression therapy, throm-
botic events, disorders of coagulation, family history of venous disease, and a sur-
vey of vein-related symptoms (leg heaviness, pain, itching, swelling, restless legs,
and nocturnal cramps.) The physical exam is done with the patient in standing posi-
tion to facilitate accurate documentation varicose veins and inspection for stigmata
of CVI (corona phlebectatica, varicose veins, edema, pigmentation, lipodermato-
sclerosis, and ulcers). Examples of physical findings of chronic venous insufficiency
are shown in Fig. 16.2. Certain findings such as prominent cross-pelvic venous col-
lateral veins and total limb swelling may suggest the presence of central pelvic
venous outflow obstruction and direct further imaging evaluation. Selected use of
laboratory testing for thrombophilias, infection, or coagulation status may be help-
ful. The use of validated venous disease clinical assessment instruments at baseline
and after treatment is recommended to promote objective outcomes assessment.
Such metrics include the CEAP classification, venous severity scoring (VSS) sys-
tem, Villalta scoring system for post-thrombotic syndrome, and venous disease-
specific quality of life questionnaires among others. The SVS/AVF guidelines
specifically recommend CEAP clinical classification and venous clinical severity
scoring (VCSS) for all patients at baseline and ongoing during treatment [21,
23-26].

Imaging Evaluation Venous mapping with a standing duplex US reflux study is
essential for accurate diagnosis and treatment planning of endovenous therapies.
This exam assesses for site and severity of valvular incompetence in both deep and
superficial veins, depth and diameter of target vessels, source of reflux for all major
varicosities, presence of acute or chronic thrombosis, and should include a targeted
search for perforators in ulcer patients. The Union Internationale de Phlebologie
(UIP) consensus document on the topic [27] summarizes the technique for duplex
US reflux scanning for evaluation of chronic venous disease. Patients with history
of DVT or severe venous disease suggesting deep venous involvement warrant addi-
tional evaluation of deep vein status by selective use of duplex US exam for DVT,
CT or MR venography, catheter-based venography, and intravascular US. Functional
assessment studies by plethysmography and ambulatory venous pressure monitor-
ing can provide quantitative assessment of global venous function in the limb [28—
30]. Figure. 16.3 provides a suggested algorithm for venous testing in the evaluation
of patients with chronic venous disease.
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Fig. 16.2 The spectrum of chronic venous insufficiency: (A) telangiectasia (spider veins). (B)
Venulectasia: “corona phlebectatica,” pattern indicative of significant deep or superficial reflux.
(C) Reticular varicose veins. (D) Tributary varicose veins from saphenous reflux. (E)
Lipodermatosclerosis: reactive inflammation, often a precursor to ulceration. (F) Venostasis ulcer

Endovenous Treatments for Superficial Venous Disease

Potentially correctable isolated superficial venous reflux contributes to venous
hypertension in approximately 40% of patients with CEAP clinical class 4—6 dis-
ease, and an additional 40% of ulcer patients have a combined pattern of superficial
and deep reflux [18, 31]. Elimination of the superficial reflux component is an
important step in improving the venous hemodynamics in these patients. Endovenous
saphenous vein ablation has largely replaced surgical vein stripping as the first-line
treatment for incompetent great and small saphenous veins, while thermal and
chemical ablation methods have largely replaced open surgical and subfascial endo-
scopic ligation of perforators. Endovenous ablation methods include endovenous
thermal ablation (ETA), chemical ablation (sclerotherapy), mechanochemical abla-
tion (MOCA), and adhesive closure with cyanoacrylate (CAE). Figure 16.4 illus-
trates some of currently available devices for endovenous saphenous vein ablation.

Endovenous Thermal Ablation (ETA) Endovenous thermal ablation involves
using a heating element (either radiofrequency probe or laser fiber) to heat the ves-
sel wall from the endoluminal side. The thermal injury results in contraction of the
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Fig.16.3 Algorithm for evaluation and management of CVI patient (Modified from Eberhardt and
Raffetto [30])

vein wall collagen, shrinkage of the vein, and ultimately a permanent fibrotic
closure. The technique initially targeted the great and small saphenous veins but is
also applicable to accessory saphenous veins, perforators, and tributary branches
provided the target vessel is relatively straight and not superficially subdermal
in location.

Radiofrequency Ablation (RFA) RFA was the first method of endovenous thermal
ablation introduced in the USA in 1999, specifically for closure of incompetent
great saphenous veins. The original device has passed through many modifications
to its current form consisting of a 3 or 7 cm heating element mounted on a catheter
(ClosureFast™; Medtronic, Inc. Fridley, MN). The device is inserted into the target
vein under sonographic guidance through a 7 French introducer sheath and posi-
tioned within 1-2 cm of the saphenofemoral or saphenopopliteal junction. Under
US guidance, tumescent anesthesia (typically 0.1 or 0.2% lidocaine solution) is
injected circumferentially around the target vein in the saphenous space to form a
10 mm thick halo of fluid (see Fig. 16.5¢c). The tumescent fluid isolates the vein
from surrounding tissues and prevents nontarget thermal injury, anesthetizes the
vein, and compresses the vein wall onto the heating unit. Catheter position is recon-
firmed sonographically, and then overlapping vein segments are sequentially heated
in 20 s bursts, with peak temperature of 120°C achieved [32].
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Fig. 16.4 Devices for saphenous vein ablation: (A) ClosureFast™ radiofrequency ablation sys-
tem. (B) VenaCure™ (AngioDynamics, Latham NY) endovenous laser. (C) Clarivein™ mechano-
chemical ablation device. (D) VenaSeal™ cyanoacrylate embolization system. (E) Varithena™
polidocanol foam
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Fig. 16.5 Endovenous laser ablation procedure: (A) procedure and laser kit components. (B)
Laser positioning below the saphenous femoral junction (black arrow) and terminus of the inferior
epigastric vein (white arrow). (C) Injection of 0.1% lidocaine tumescent anesthesia around the
target. (D) Posttreatment appearance of occluded and noncompressible GSV

Endovenous Laser Ablation (EVLA) In 2001, endovenous laser ablation was intro-
duced as another method for thermal ablation of saphenous veins [33]. The procedure
for endovenous laser ablation is very similar to that of RFA with a few technical
differences related to laser devices. Laser safety training and strict adherence to
laser safety procedure are mandatory prerequisites. Many wavelengths of light
ranging from 810 to 1500 nm have been approved and used for EVLA application.
The actual heating element is typically a 400—600 micron fiber optic that is intro-
duced through a vascular sheath into the target vein. Various fiber tip configurations
have been marketed (bare flat tip, metal jacketed tip, round tip) without clear evi-
dence to support differences in clinical efficacy. Positioning of the laser fiber tip and
application of tumescent anesthesia are procedurally the same as for RFA. Once the
tumescent anesthesia is administered, the laser is activated and withdrawn slowly
while firing continuously [34]. Figure 16.5 illustrates some salient aspects of the
EVLA procedure.

The mechanism by which heat transfer occurs from the laser tip to the vein wall
continues to be debated. Proposed mechanisms include light absorption directly
into the vein wall, light absorption by residual blood in the lumen, heat transfer via
steam bubbles, carbonization at the fiber tip resulting in a light absorbing black
layer that can become superheated, and the effects of thermally induced coagula
within the lumen. Energy delivered in EVLA is expressed as the linear endovenous
energy density (LEED, joules/cm) which is the product of the laser power (joules/
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sec) times duration of treatment (sec) divided by length of treated vein (cm). At light
wavelengths less than 1000 nm, the dominant chromophore for light absorption is
hemoglobin which is confined to the vessel lumen, while at longer wavelengths
water becomes the dominant chromophore. Since blood and tissue have a 75-80%
water content, longer wavelength light is postulated to be more penetrating and
therefore equally efficacious for EVLA at lower LEED. However, the optimal
LEED for EVLA has not been scientifically determined, and in clinical practice,
target LEED of 80—100 J/cm for shorter wavelength lasers and 40-50 J/cm for lon-
ger wavelength lasers has been accepted as standardizing parameters. In actuality,
success of EVLA vein closure is likely impacted by many factors other than LEED
including laser power, pullback rate, vein diameter, and inflow from tributary
branches [34, 35].

Post-ETA Management Following ETA, the patient is placed into multilayer com-
pression wrap or 30-40 mm HG full-length compression stocking for 1-2 weeks.
Patients typically can ambulate and return to work and resume normal daily activi-
ties immediately. Minor ecchymoses and soreness often described as a “pulling”
sensation can occur along the treated vein. These symptoms respond readily to oral
nonsteroidal anti-inflammatory medication. Clinical post-procedural follow-up
with duplex US within 1-2 weeks is recommended to confirm successful vein clo-
sure and assess for thrombotic complications. Long-term follow-up at 3, 6, and
12 months with symptom assessment using proven metrics enables outcomes evalu-
ation [33, 34].

Complications of ETA Endovenous thermal ablation is associated with a low rate of
complications, most of which are minor. Potential adverse effects include DVT,
paresthesias, pulmonary embolus, thrombophlebitis, hyperpigmentation, infection,
and skin burns. Post-ETA extension of thrombus across the saphenofemoral junc-
tion is a well-described phenomenon termed endothermal heat-induced thrombosis
(EHIT). Lawrence et al. described a six-tier EHIT classification system for EHIT
lesions: EHIT-1,2 lesions stop below the SFJ, EHIT-3 terminates at the SFJ, EHIT-
4,5 show nonocclusive extension into the common femoral vein, and EHIT-6 repre-
sents occlusion of the common femoral vein. EHIT1-3 lesions do not require
treatment, whereas anticoagulation is recommended for EHIT4-6 lesions [36].
Figure 16.6 illustrates an EHIT-3 lesion with progression to EHIT-5. In randomized
clinical trial of 500 subjects comparing EVLA, RFA, USG foam sclerotherapy, and
surgical stripping, Rasmussen noted 6.4% phlebitis, 4.4% hyperpigmentation, 3.6%
paresthesias, 0.4% infection and bleeding, and no DVT or PE [37]. In a meta-
analysis of 17 RCT comparing RFA or EVLA to ligation/stripping, Dermody found
EVLA associated with complication rates of 0.5% wound infection, 5.6% superfi-
cial phlebitis, 3.8% paresthesias, 0.85 DVT/EHIT, and 0.3% skin burn. With the
exception of higher paresthesia rate, RFA demonstrated comparable complication
profile: 1.5% wound infection, 4-8% superficial phlebitis, 12% paresthesia, 0%
DVT/EHIT, and 0.7% skin burn [38].
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Fig. 16.6 Endothermal heat-induced thrombosis (EHIT) complication of EVLA: (A) EHIT-3
terminating at the saphenofemoral junction, which subsequently progressed to (B) EHIT-5 (> 50%
lumenal occlusion)

Tumescentless Methods of Saphenous Vein Closure Injection of tumescent anes-
thesia is often a procedural rate-limiting step for the practitioner and the most
uncomfortable step for the patient undergoing thermal vein ablation. This has led to
the emergence of several tumescentless and nonthermal methods of saphenous vein
ablation which eliminate risk of nontarget thermal injury to the nerves and skin,
require no tumescent anesthesia, and obviate the need for laser safety precautions.
Early and midterm results from these newer methods of GSV closure appear com-
parable to thermal ablation and surgery, but long-term outcomes data on some of
these newer treatments is limited.

Chemical Ablation (Sclerotherapy) Sclerotherapy is a well-established technique
of injecting a vein with a chemical agent that causes endothelial damage, fibrosis,
and vascular occlusion. Sclerotherapy is most commonly used to treat telangiecta-
sias and small 3—7 mm superficial varicosities, but with ultrasound and/or flouros-
copic guidance, the technique readily translates to larger and deeper venous
structures including saphenous and perforator veins. FDA-approved sclerosants
include detergents (sodium tetradecyl sulfate (STS), polidocanol, sodium mor-
rhuate, and ethanolamine), hypertonic saline, and chemical irritants (glycerin, abso-
lute ethanol). At the present time, the most commonly used agents for lower
extremity venous applications are polidocanol, STS, and hypertonic saline. Agent
selection is determined by location and size of the target vessel, degree of desired
inflammatory effect, and operator preference. Optimal results require appropriate
matching of sclerosant type and strength to size of target vein since an overly pow-
erful agent can itself incite excessive inflammation, while too low concentration of
agent results in recanalizable thrombus rather than permanent fibrotic closure or
failure of closure altogether [39].
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Fig. 16.7 Sclerotherapy: (A) sclerotherapy equipment and agents. (B) Tessari method of making
foamed sclerosant. (C) Injection of foam into a varicose vein under transillumination with disap-
pearance of the vein. (D) Pre- and post-injection appearance, with post-injection dressing

Detergent sclerosants such as polidocanol and STS can be administered in liquid
form or converted to an injectable foam by agitation with 2—4 parts gas such as room
air or carbon dioxide (CO,) using the Tessari method described by Cabrera [40] (see
Fig. 16.7b). Foaming enhances sclerosant effect by resisting dilutional mixing with
blood and prolonging wall contact time. Foam is highly visible on ultrasound which
is technically advantageous for targeted treatments such as perforator sclerotherapy
and enables effective sclerotherapy with lesser amounts of sclerosant. However,
foam sclerotherapy has been associated with well-documented neurological side
effects including visual scotomata, migraine-like aura, chest tightness, and very
rarely ischemic stroke which was reported in three patients worldwide [41, 42].
Transcranial Doppler studies have demonstrated intracranial gas bubbles in up to
42% of subjects undergoing foam sclerotherapy [43]. Multiple clinical studies have
shown that the vast majority of these neurological sequelae are transient and resolve
rapidly and spontaneously, but the potential for permanent neurological deficit
remains a concern for practitioners [44-46]. An example of foam sclerotherapy of a
reticular varicose vein is shown in Fig. 16.7.
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Ultrasound-guided foam sclerotherapy (UGFS) has gained international accep-
tance as a method for saphenous vein ablation due to the advantages of being easy
to perform, tumescentless, low cost, and without thermal injury risk. The first com-
mercially available proprietary polidocanol-based foam (Varithena™, BTG
International LTD, West Conshohocken, PA) recently received FDA approval for
great saphenous vein closure [47, 48]. Prior to that, the only foam available for clini-
cal use in the US was physician compounded foam (PCF), a non-FDA-approved
usage of detergent sclerosants. For UGFS, access is obtained into the vein under
ultrasound guidance with a butterfly needle or catheter. The saphenous vein is
occluded cephalad to the injection site at the SFJ or SPJ by manual compression or
balloon occlusion to prevent nontarget delivery of the sclerosant to the deep veins
during injection. Another technique is to use a long vascular sheath with a coaxially
placed balloon occlusion catheter. The balloon is inflated proximally, while the scle-
rosant is injected from the sheath distal to point of balloon occlusion. The system is
then repositioned to the next untreated segment, and the process is repeated. Leg
elevation is another maneuver used to prolong retention of the sclerosant in the tar-
get vein, particularly with foamed agents. Following treatment, the limb is placed
into 3040 mm HG compression similarly to thermal ablation.

Compared to ETA and surgical stripping, foam sclerotherapy for saphenous vein
closure has comparable early closure rates but higher rates of recanalization (16—
20% at 1 year versus 5% for thermal ablation) [37, 46]. Van den Bos et al. conducted
a meta-analysis of 12,320 limbs undergoing saphenous vein treatment by surgical
stripping, EVLT, RFA, or UGFS. This study showed success rates of 78%, 77%,
84%, and 94% for surgery, UGFS, RFA, and EVLA, respectively [49].

Mechanochemical Ablation (MOCA) The Clarivein™ occlusion catheter (Vascular
Insights, Madison CT, USA) is a saphenous vein closure device that combines
mechanical disruption of the endothelium by means of a rotating catheter tip with
simultaneous deliver of sclerosant from the catheter tip. The combined effects of
endothelial mechanical excoriation and chemical injury result in vein closure. The
device is inserted into the target vein through a 5 French sheath and positioned with
the tip 10 cm below the saphenopopliteal or saphenofemoral junction. The rotating
catheter, which is driven by a 9 volt battery-operated handle mounted with a syringe
of sclerosant (1.5-2.0 STS), is withdrawn slowly at a rate of 1 cm/7-10 s while
activated and with simultaneous injection of the sclerosant at 0.1-0.2 ml/cm of
pullback. Following ablation the patient is placed into compression as with ETA.

Two prospective series of MOCA of the GSV or SSV with phlebectomy
demonstrated 100% technical saphenous vein closure rate, with 97% and 94%
closure at 2 and 6 months, respectively [50, 51]. In a randomized controlled trial
comparing MOCA to RFA in 170 subjects, technical closure rates at 6 months were
93% and 87% for RFA and MOCA, respectively. Clinical outcomes by VCSS
and QOL measurements were not significantly different between the two modali-
ties, but MOCA was associated with less procedural pain by visual analog scale
assessment [52].
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Cyanoacrylate Embolization (CAE) Cyanoacrylate (CA) is a fast-acting adhesive
with established medical applications in wound closure and intravascular emboliza-
tion procedure. Recently, the VenaSeal™ (Sapheon, Inc., Morrisville, NC) device
received FDA approval for saphenous vein closure by intravenous application of
CA. This system consists of an introducer sheath, a delivery catheter, and a delivery
gun for injection of 0.09 ml aliquots of a proprietary preparation of CA at 3 cm
intervals. Thirty seconds of external compression is applied to each injection site
before proceeding to the next. CAE requires no tumescent anesthesia and also does
not require posttreatment compression.

The VeClose trial, a multicenter RCT of 220 subjects comparing CAE to RFA for
GSV closure, noted 3 months closure rates of 99% and 96%, respectively, for CAE
and RFA. Both groups demonstrated significant and similar reductions in VCSS,
CEAP, and AVVQ QOL scores. The prevalence and severity of complications were
also similar between the two treatments aside from slightly higher rate of phlebitis
in the CAE group which did not reach statistical significance [53]. In a prospective
multicenter study (eSCOPE) of CAE for GSV closure in 70 subjects, Proebstle et al.
reported 93% freedom from recanalization at 12 months and statistically significant
improvement of VCSS and AVVQ scores compared to baseline with few complica-
tions, predominantly phlebitis in 11.4% [54]. In a retrospective comparison of
EVLA with CAE with 1-year follow-up, Koramaz et al. found no significant differ-
ence in total occlusion rates or clinical VCSS response but less adverse effects in the
CAE group with decrease in hyperpigmentation and phlebitis [55]. CAE has been
shown to be effective treatment for veins up to 20 mm in diameter [56].

Endovenous Treatment of Incompetent Perforator Veins Current practice
guidelines support treatment of pathologic perforators in advanced CEAP 4-6
venous disease, preferentially using percutaneous ablation methods. Percutaneous
ablation of perforators (PAPs) techniques has increasingly replaced SEPS as pri-
mary therapy for IPVs. These techniques include RFA, EVLA, and UGFS. The
SVS/AVF clinical practice guidelines for management of leg ulcers recommend
PAPs as primary treatment over surgical techniques for perforator ablation to mini-
mize incisions in the diseased peri-ulcer tissues [21, 57].

Endovenous Thermal Ablation Closure of perforators by RF or laser ablation is
very analogous to saphenous vein closure, although perforator closure remains a
non-FDA-approved application of these devices. The target perforator is localized
by US, cannulated with a wire over which an introducer sheath with the RF or laser
system is coaxially positioned. Tumescent anesthesia is injected and the thermal
ablation performed. This approach is best suited to relatively large and straight per-
forator veins and is of limited applicability to tortuous perforators. Following ther-
mal ablation, standard compression therapy is applied for 2 weeks with clinical and
duplex US follow-up [58-60].

Ultrasound-Guided Foam Sclerotherapy (UGFS) UGFS is a simple and mini-
mally invasive method of perforator closure. Under US guidance, needle access into
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Fig. 16.8 Ultrasound-guided foam sclerotherapy of an incompetent. (A) Spectral and color
Doppler demonstrating severe reflux in the perforator. (B) Injection of hyperechoic foam scle-
rosant into the perforator. (C) Occluded perforator 2-week posttreatment

a varicosity feeding into the perforator is established and venous blood return
confirmed. Direct access into the perforator itself within the perforator canal is
avoided to prevent inadvertent injection of the perforator artery which can result in
nontarget damage to the skin. Under US observation, foamed sclerosant is injected
until the column of foam reaches the perforator and then allowed to flow passively
into the perforator without additional active injecting. While a small amount of
sclerosant entry into the deep vein is unavoidable, care is also taken to avoid over-
injection of the perforator and infusion of excessive amount of sclerosant into the
deep venous system. Post-sclerotherapy management includes 2 weeks of compres-
sion therapy with US follow-up [61, 62]. An example of UGFS of a perforator is
provided in Fig. 16.8.

Masuda et al. reported 98% initial perforator occlusion and 75% persistent occlu-
sion at 20 months with liquid sodium morrhuate USG sclerotherapy [61]. Lawrence
et al. reported a 58% initial perforator closure rate with RFA, with 71% closure
success after retreatment [62]. A recent retrospective comparison of RFA, EVLT,
and UGFS in 296 perforators in 112 subjects demonstrated better closure rate with
RFA (73%) compared to EVLA (61%) or UGFS (57%). Vein size, anticoagulation,



298 C.-M. Fan

Fig. 16.9 Microphlebectomy: (A) identification and marking of target vein. (B) Surgical instru-
ments for phlebectomy. (C1) Injection of 0.1% lidocaine tumescent anesthesia around the vein.
(C2) Incising skin. (C3-5) Extracting the vein with gentle traction. (C6) Steri-strips applied to
incisions. (C7-8) Applying pressure dressing and compression stocking to the leg

and deep vein reflux did not affect closure rates, while body mass index > 50 was
associated with decreased closure rate (37%) with all modalities [63].

Microphlebectomy Microphlebectomy is a surgical technique for removal of
reticular and tributary varicosities through small 2—3 mm incisions. This technique,
also referred to as stab phlebectomy or ambulatory phlebectomy, is an important
and useful adjunct for large branch varicosities that are more difficult to success-
fully treat with sclerotherapy. The vein targeted for removal is mapped visually and
marked on the skin indelibly prior to surgical prepping and draping. The vein is
anesthetized by infiltration of the perivenous tissues with 0.1% lidocaine tumescent
anesthesia. A small incision is made with an ophthalmologic blade, and the vein is
extracted with a phlebectomy hook. The vein is pulled out and removed in segments
through additional incisions placed sequentially along its course. The incisions are
closed with adhesive strips, and the leg is dressed with a pressure bandage and com-
pression wrap or stocking. To minimize bleeding, coagulopathies should be cor-
rected, and higher sources of reflux into the vein, e.g., saphenous reflux, should be
treated prior to performing a phlebectomy [64]. The steps for performing phlebec-
tomy are illustrated in Fig. 16.9.
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Endovenous Treatment for Deep Venous Disease

Deep venous obstruction is an important but often under-detected contributor to
chronic venous insufficiency. The clinical signs and symptoms of venous disease
are often nonspecific to the level of obstruction, making it challenging to identify by
clinical evaluation and history alone the subset of ulcer patients with central venous
lesions. Such lesions can be characterized as primary nonthrombotic iliac vein
lesions (NIVL) or post-thrombotic chronic total occlusions (CTO). Clinical findings
that increase suspicion for central venous outflow obstruction include total limb
swelling, venous claudication, prominent patterns of groin or cross-pelvic venous
collaterals, and the presence of axial deep venous reflux. Labropoulos et al. showed
that at 1 year out, multisegment DVT was associated with more severe post-
thrombotic symptoms, higher rate of rethrombosis, and higher prevalence of skin
changes and ulceration compared to limited single segment DVT. Venous claudica-
tion developed only in subjects with iliac vein involvement [65]. CEAP clinical
class 4-6 disease should raise suspicion for the presence of deep venous pathology,
even without history of prior thrombotic event. Marsten et al. evaluated 78 limbs in
ulcer patients with no history of DVT by duplex US and CT or MR venography and
found a high incidence of iliocaval venous obstruction: 37% with >50% stenosis
and 28% with >80% stenosis [66]. The combination of obstruction with reflux
appears to be more detrimental than either obstruction or reflux alone, according to
Neglen et al. who examined outcomes of iliac stenting in 447 limbs with chronic
nonmalignant obstruction, comparing those with obstruction alone to those with
both obstruction and reflux. He found the rate of advanced C4-C6 disease to be 54%
in the group with reflux and obstruction versus 24% with obstruction only, and
venous ulcer prevalence was 24% versus 3% in these two groups, respectively [67].

While there are surgical methods such as valve transposition or valve reconstruc-
tion to restore venous competency, endovenous methods for rebuilding an incompe-
tent valve have not yet been developed. In current practice, endovenous treatment of
chronic deep venous disease aims to ameliorate reflux and venous hypertension by
restoring iliocaval patency via stenting in conjunction with thrombolysis when clin-
ically appropriate. Infrainguinal venoplasty and stenting of chronic venous
occlusions are not routinely performed due to high rates of rethrombosis due to
inadequate restoration of inflow and the tendency for stents in the popliteal region
to fracture and occlude [68]. For severe CVI due to infrainguinal deep venous
obstruction refractory to conservative management, surgical revascularization
through endophlebectomy, venous bypass, or valve reconstruction may be
beneficial.

Technique for Iliac Vein Thrombolysis and Stenting The strategy for deep vein
recanalization entails accessing and traversing the length of the occluded seg-
ment, removal of acute thrombus if present, followed by evaluation and stenting of
the underlying culprit lesion. Access to the thrombosed segment can be achieved
from an antegrade femoral or calf vein approach or retrograde from a jugular
approach. The target vein is localized and accessed under US guidance using stan-
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dard Seldinger technique, and the access site coaxially dilated to admit a vascular
sheath. A selective catheter and wire combination is used to negotiate through the
thrombus to a patent segment of vein. If acute thrombus is present, thrombolysis is
performed prior to stent placement. Mechanical disruption of the clot burden
increases surface area exposed to the thrombolytic agent, and this can be done
through balloon angioplasty, the use of pulse spray rheolytic thrombolysis
(Angiojet™, Boston Scientific, Marlborough MA), or sonicating infusion systems
(EKOS®,EKOS Corp, Bothwell, WA). Once a flow channel is restored, further
removal of clot is achieved with a continuous infusion of the thrombolytic agent
over several hours, in conjunction with anticoagulation to prevent rethrombosis.
Once the acute thrombus is removed, the underlying vessel is assessed by venogra-
phy and intravascular ultrasound if indicated. Residual stenoses are stented and
brisk antegrade flow reestablished. Optimal stent outcomes in the venous system
require use of large diameter stents (14-20 mm diameter) in the iliocaval zones and
establishment of brisk inflow and outflow through the stented segment. To prevent
early stent rethrombosis, temporary or lifelong anticoagulation may be indicated, par-
ticularly in patients with post-thrombotic damage or impaired inflow [69]. Fig. 16.10
illustrates the process of thrombolysis and stenting of an occluded iliac vein.

Wound Healing Outcomes with Endovenous Therapies

Saphenous Vein Closure In terms of the secondary endpoint of vein closure,
endovenous methods of saphenous ablation compare favorably to conventional vein
stripping. Van den Blos et al. conducted a meta-analysis of 64 studies including
12,320 limbs comparing saphenous vein closure rates 5 years after surgical strip-
ping, ultrasound-guided foam sclerotherapy, EVLA, or RFA. He found the highest
closure rate associated with EVLA (94.5%), with comparable closure rates of
75.7%, 73.5%, and 79.9% for surgery, UGFS, and RFA, respectively [49].
Rasmussen et al. conducted an RCT of 580 limbs in 500 consecutive patients com-
paring RFA, UGFS, EVLA, and surgical vein stripping for treatment of CEAP clini-
cal class 2—4 disease. The study revealed similar 5-6% closure failure rates at 1 year
for EVLA, RFA, and surgery and a significantly higher closure failure rate of 16%
for UGFS. All four treatment modalities had comparable improvement in QOL
scores and similar varicose vein recurrence rates [36].

Vein closure success notwithstanding, current evidence indicates that correction
of saphenous reflux by surgery or endovenous methods may reduce ulcer recurrence
but does not necessarily improve primary ulcer healing rates. The ESCHAR study
which randomized 500 patients to compression therapy versus saphenous surgery
and compression therapy with 3-year follow-up showed no statistical difference in
the rate of ulcer healing between the two groups (89% healing with compression,
93% with surgery and compression, p = 0.73) but did show significant reduction of
ulcer recurrence in the surgery group (31% versus 56%, p < 0.01) and prolongation
of time to recurrence [70]. These findings were corroborated by Mauck et al. in a



16 Endovascular Venous Interventions 301

Fig. 16.10 Thrombolysis and stenting of left common iliac stenosis with acute thrombosis. (A)
Venogram depicting thrombosed /left iliac outflow. (B) Angiojet™ pharmacomechanical throm-
bolysis of the clot. (C) Balloon disruption of the clot, also demonstrating a likely stenosis in the
proximal common iliac vein. (D) Residual common iliac vein obstruction after 24 h more throm-
bolysis. (E) Deployment of an endovenous stent across the obstructed segment. (F) Venogram
showing restoration of brisk antegrade flow

meta-analysis of seven RCT and four observational studies comparing surgical
interventions (including endovascular) to conservative management for venous
ulcer treatment. This study showed minimal improvement in ulcer healing with sur-
gery (rendered insignificant when RCT were analyzed separately), a significant
reduction in ulcer recurrence, and no change in time to ulcer healing [71]. Kheirelseid
et al. reviewed the evidence for varicose vein interventions for ulcer treatment in a
meta-analysis of 15 studies [72] and also concluded that overall saphenous interven-
tion improved ulcer healing rates slightly, but this difference was not sustained
when only RCT were analyzed. Stratification of open surgery versus endovenous
therapy showed improved ulcer healing compared to compression with open surgery
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but not by endovenous methods. The authors concluded this difference likely
reflected limited and poorer quality data in the endovenous group.

Perforator Vein Closure It is difficult to quantify the contribution of IPV treat-
ment toward venous ulcer healing from the existing published data because the
majority of studies involving IPV treatment are confounded by concurrent treatment
of other veins, e.g., saphenous reflux. Prior to the advent of endovenous methods,
subfascial endoscopic perforating vein surgery (SEPS) was the established tech-
nique for perforator closure and remains the gold standard against which outcomes
comparison is made. In a large meta-analysis of SEPS including 1140 limbs with
526 ulcers, Tenbrook et al. demonstrated overall ulcer healing and recurrence rates
of 88% and 13%, respectively, with a low rate of complications (1% DVT, 6%
wound infection, 7% paresthesia) [73].

While RCT on perforator treatment are lacking, there are many prospective
observational studies that support the benefit of perforator closure in chronic venous
disease. Lawrence et al. treated 86 IPVs in 75 ulcers refractory to best practice con-
servative wound care management and achieved an ulcer closure rate of 93%
(80/86). No ulcer healed without at least one perforator closure strongly suggesting
an active contribution of the perforator reflux to the disease process [74]. Masuda
et al. achieved healing in 67.6% of refractory ulcers with isolated perforator reflux
after IPV closure with ultrasound-guided sclerotherapy [61]. Van Gent et al.
attempted to evaluate perforator closure effect upon venous ulcer healing in an RCT
of SEPS with compression versus compression alone for treatment of venous ulcers.
The study was confounded by permission of concurrent or prior superficial vein
surgery in the majority of subjects undergoing SEPS and failed to demonstrate
improved ulcer healing or decreased recurrence. However, when the data was reex-
amined from the perspective of completed SEPS versus incomplete SEPS due to
missed incompetent perforators detected on duplex US, the authors found a statisti-
cally significant higher ulcer recurrence rate in the subjects with incomplete SEPS
[75,76].

Restoration of Iliocaval Patency While catheter-directed iliofemoral thromboly-
sis in acute DVT setting has been shown to relieve venous obstruction, preserve
valve function, and reduce risk of post-thrombotic syndrome [77], the venous ulcer
patient typically presents years after the initial thrombotic event with chronic orga-
nized thrombus not amenable to thrombolysis. In these patients, stenting of pelvic
venous outflow occlusions is associated with good patency rates, low risk of com-
plications, and increased healing of refractory ulcers. Neglen et al. reported a series
of 982 iliac stents placed for both NIVL and thrombotic occlusions, noting primary,
assisted primary, and secondary cumulative patencies of 79%/100%/100% for
NIVL and 57%/80%/86% for CTO at 72 months. There was no associated mortal-
ity; early thrombotic complications occurred in 1.5%, late thrombotic complica-
tions in 3%, and overall ulcer healing in 58% at 5 years [78]. Raju analyzed 1500
iliac stent cases from retrospective case series and reported 90-100% patency for
nonthrombotic and 74-89% patency for post-thrombotic disease at 3—5 years, with
58-89% ulcers healed [79]. In a recent review of 16 studies on endovenous stenting
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Fig. 16.11 Examples of ulcer response to endovenous treatment: (A) left second toe ulcer of
15-month duration, compression therapy complicated by location of the lesion. This patient was
treated with EVLA of the left GSV only and subsequently healed the ulcer within 3 months. (B)
Patient with recurrent /eft medial ankle ulcers for over many years. He was treated with EVLA of
the left GSV with sclerotherapy of varicose veins around the ankle. The ulcer healed, and the
patient continues without recurrence for over 5 years

in chronic venous disease, Saeger et al. reported ulcer healing rate of 56-100% in
lesions that had previously failed conservative management [80]. Figure 16.11 pres-
ents examples of refractory venous ulcers that healed after endovenous treatment.

Conclusion

Correcting underlying venous obstruction and reflux is an important component of
successful venous ulcer management, particularly in the stabilization of healing
ulcers. Endovenous techniques for saphenous ablation, perforator closure, and pel-
vic venous outflow obstruction clearance have become first-line therapies for
addressing correctable components of chronic venous insufficiency. These mini-
mally invasive therapies are easy and safe to perform, outpatient based, and able to
address the underlying pathophysiology of venous hypertension. They serve as
important adjunctive treatments to wound management in the care of the venous
ulcer patient.
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preexisting conditions, 86
preoperative planning, 86—88
static assessment, 86
surgical procedures
amputation procedures, 104—106
biomechanical surgery, goal of, 98
fixation, bone, 97
gentle tissue handling and meticulous
dissection, 97
osseous procedures, 101-104
soft tissue, 98
tendon procedures, 98—100
wound prevention, 85
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Free flap
classifications, 176
experiment, on dogs, 169
for limb reconstruction, 173
negative cultures vs. cultures, 175
radial forearm, 188
reconstruction, 170
selection, 179
success rates, 170
tissue components, 169
vastus lateralis, 187
“workhorse” free flaps, 180
Free tissue transfer (FTT), 169, 177, 178
advantages, 171
CAD-CAM, 179
clinical examination, 180
complications, 189
debridement, 175, 176
donor-site morbidities, 189
flap, classification
fasciocutaneous, 178
muscle, 177
perforator, 178
free flaps, 169 (see also Free flap)
indications, 170
intraoperative measurement, 179, 180
microsurgery practice, 171
microvascular, 169
monitoring flap viability, 189
patient selection, 172, 173
perforator flaps, 170
postoperative monitoring, 180
preoperative period, 172
“reconstructive ladder”, 171
“reconstructive matrix”, 171
role of, 170
selection, flap, 179
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supermicrosurgery, 172
timing, 176
univariate and multivariate analysis, 175
vascular workup, 173, 174
“workhorse” free flaps, 180-186
Full-thickness skin grafts (FTSGs), 123, 125,
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G
Gait cycle, 91
Gastrocnemius contracture, 64, 65
Gastrocnemius muscle, 63, 64
Gastrocnemius recession, 64, 67-71
Gastrocnemius tendon, 67

and gastrocnemius muscle, 67
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malleable retractor, 69

medial edge, 67, 69
Metzenbaum scissors, 68, 70
musculotendinous junction, 64
soleal muscle fibers, 69, 70
soleus muscle, 67

Gastrocsoleus contracture, 63, 64, 67
Gastrocsoleus lengthening

Achilles tendon lengthening, 64

Achilles rupture, 67

concentric contracture, 63

contraindications, 65

gastrocnemius muscle, 63

gastrocnemius recession (Strayer
procedure), 64, 67-71

gastrocsoleus contracture, 63, 64

incomplete correction, 66, 67

indications, 64—65

nonoperative measures, 64

outcomes, 73-74

postoperative protocol, 73

preoperative evaluation, 65-66

soleus muscle, 63

Strayer procedure, 64

sural nerve injury, avoidness, 66

surgical prepping, 66

triple hemisection Achilles lengthening,
71-73

triple hemisection technique, 64

General health status, 65
Glycosaminoglycans, 215
Grafix, 224

Granulation tissue, 124, 127, 134
Growth factors, 215

H

Heel wounds, 65
Hindfoot operations, 112, 113, 119

amputations (see Amputations)
assessment of
blood flow, 112
imaging, 113
infection, presence of, 113
nutritional state, 112
overall health and status, of patient, 112
pressure, on wound, 113
sensation, 113
wound etiology, 113
wound extent, 113
wound location, 112
calcanectomy, 116-119
etiology, 111
non-operative treatment, 114
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Hindfoot operations (cont.)
operative treatment, 114, 115
plantar exostectomy, 115, 116
Hoke lengthening, 64
Hoke procedure
Achilles, elongation of, 71, 72
incomplete correction, 67
skin incisions, 71, 72
and Strayer, 66
Human skin equivalents
wound healing, 221, 223, 224
Hydrotherapy, 7
Hydroxyprostaglandin dehydrogenase-15
enzyme (HPGD), 286
Hyperbaric oxygen therapy (HBOT), 26
Hyperspectral imaging (HSI), 263
HyperView™, 150

1
IC, see Intermittent claudication (IC)
Iliac vein thrombolysis
and stenting, 299-301
Iliocaval patency
restoration, 302, 303
Immunocompromise, 23
Incisional NPWT, 204, 205
Incompetent perforator veins (IPVs)
endovenous thermal ablation, 296
primary therapy, 296
UGFS, 296-298
Inflammatory wounds, 240
Infrainguinal bypass surgery, 270
Infrapopliteal disease, 278
Inosculation, 137, 138
Instillation therapy, NPWT device, 205
Intermittent claudication (IC), 254
Intraoperative vasospasm, 149
Intravascular intervention, 270
Intravascular ultrasound (IVUS), 262
Ipsilateral tibial vessels, 272
Ischemia, 45, 46
amputations, risk factors
advanced age, diabetes
and smoking, 45
claudication, 45
hypertension and dyslipidemia, 45
medical and surgical
interventions, 46
microvascular insufficiency, 45
vascular reconstruction, 46
Ishchial pressure injuries, 81

IVUS, see Intravascular ultrasound (IVUS)
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L
Laser ablation
endovenous laser ablation procedure, 291
EVLA, 291
and RF, 296
Limb salvage, 278-280
Linear endovenous energy density (LEED),
291, 292
Lipodermatosclerosis, 288
Local flaps, 146, 147
Lower extremity amputation, 50-57
major amputations
above-knee, 56, 57
below-knee, 53-55
minor amputations
partial ray and TMA, 52, 53
toe, 50-52
risk assessment, 49
Lower extremity wounds
NPWTi, 205

M
Magnetic resonance angiography (MRA), 260
Malleable retractor, 67, 69
Manual sensory testing, 66
Matrix protein-based biomaterials, 223
Mechanochemical ablation (MOCA), 295
Medical comorbidities, 65
Metzenbaum scissors, 68, 70
Microdeformational healing, 194
Microphlebectomy, 298
Microsurgery
indications, 170
perforator flaps, 161
practice, 171
supermicrosurgery, 172
Microvascular reconstruction, 170, 172, 174
See also Free tissue transfer (FTT)
Minimally invasive arterial interventions, 269
armamentarium, 271
atherosclerosis, 269
CLI (see Critical limb ischemia (CLI))
comorbid conditions, 270
culprit arterial stenosis/occlusion, 269
distensible catheter, 271
endovascular, 269, 271-277
infrainguinal bypass surgery, 270
intravascular intervention, 270
outcomes, 278-279
wound healing, 269
MMP-TIMP imbalance, 223
Muscle flaps, 148, 177
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Muscle perforator flap, 155
Muscular relaxation, 285
Musculocutaneous flaps, 148
Musculotendinous junction, 64

N
Negative pressure wound therapy (NPWT),
78,79, 83, 175
burns, 203
clinical applications, 195
complications, 206, 207
contraindications, 206
DFU, 197, 198
dressings, 196
fasciotomy wounds, 202
incisional NPWT, 204, 205
instillation and incisional applications, 204
instillation therapy, 205
mechanisms of action, 194
in open wound, 196
optimal cycling, 196
pressure injuries, deep, 198, 199
skin graft, 203, 204
sternal wounds, 202
traumatic wounds, 200, 201
vascular lower extremity ulcers, 200
Neovascularization, 128, 136138
Neox, 224
Neuropathy, 43, 44
amputations, risk factors
autonomic, 44
cardiovascular autonomic, 44
diabetes-induced peripheral, 44
polyneuropathy, 43
sensory loss, 43, 44
Non-healing radiation ulcer, 224, 225
Noninvasive study, 255, 258, 260
Nonreducible deformity, 94-96, 101
Nonthrombotic iliac vein lesions (NIVL), 299
Non-weight-bearing restrictions, 65
NPWT with instillation (NPWTi), 175, 176, 205

(0]
Oasis wound dressing, 228
Oasis wound matrix, 227
Obesity, 22
Operative management, of pressure injuries
flaps, 79
initial sacral pressure injury, 81
initial sssessment, 76
intra-operative debridement, 78
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large rotation flaps, 81
lower extremity pressure injuries, 82, 83
medical issues, 76
NPWT, 78, 79
nutrition, 76
post-operative care, 82, 83
recurrence, 83
sacral and ischial pressure injuries, 79
sacral pressure injuries, 80, 81
scalp pressure injuries, 82
transposition flap, 81
trochanteric injuries, 82
urgent debridement, 78
Optical coherence tomography (OCT), 264
Osteocutaneous flaps, 149
Osteomyelitis, 48, 49
amputations, risk factors
bone resection, 49
diabetic foot infections, 48
imaging modalities
and bone biopsies, 49
microvascular system, 48
tissue-based diagnostics, 49
Osteotomies, 101-103, 106, 107

P
Papaverine, 150
Paraplegia, 20, 21
Partial ray amputations
heterotopic ossification (HO), 53
postoperative course, 53
surgical technique, 53
and TMA, 52
Patency rates, 278
Peak systolic velocities (PSV), 258
Percutaneous ablation of perforators
(PAPs), 296
Percutaneous transluminal angioplasty
(PTA), 174
Perforator
closure, 303
dysfunction, 286
IPVs, 286, 296-298
open surgical and subfascial endoscopic
ligation, 288
pathologic, 286
and saphenous, 293
sclerotherapy, 294
systems, 285
in ulcer patients, 287
valves, 285
veins, 283, 286



316

Perforator dysfunction, 286
Perforator flaps, 159-163, 165, 166, 170, 174,
178
characteristics, 156
debridement and wound
preparation, 157, 158
evolution, 154
and fasciocutaneous, 153, 154
as free flap
advantages, wound coverage, 166
disadvantages, wound coverage, 166
exposed hardware, 165
patient, with diabetic foot ulcer, 163
postoperative period, 165
thrombogenic zone, 163
as groin flaps, 153
innovations, 156
as local flap
after cancer resection, 160
classical approach, 159
CT angiogram, 159
free style approach, 159
microsurgery, use of, 161
optimal perforator, 159
for posterior and anterior
trunk wounds, 161
Preoperative Doppler, use, 161, 162
nomenclature, 154, 155
preoperative evaluation, 156, 157
terminology, 156
types, 155, 158
Perforator vein closure, 286, 302
Peripheral arterial disease (PAD)
ABI, 254, 255
CLI, 254
CTA, 259, 260
DSA, 260
DUS, 258
IC, 254
IVUS, 262
MRA, 259, 260
prevalence, 253
wound healing, 263, 264
Peripheral pulses, 66
Periprosthetic joint infection
biofilm-active antibiotic treatment, 30
surgical approaches, 30
total joint arthroplasty, 30
treatment options, 30
two-stage surgical treatment, 30
Phlebectomy, 295, 298
Placental-derived wound therapies, 217, 221
AmnioBand and EpiFix, 224
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dHACA, 224-227
Planktonic bacteria, 24, 25
Plantar exostectomy, 115, 116
Plethysmography, 255
Posterior tibial pulses, 66
Post-thrombotic syndrome (PTS), 285, 287
Post-thrombotic venous insufficiency, 285
Premarket approval (PMA), 224
Pressure injuries, 75, 195, 198
broad-spectrum antibiotics, 28
buttock pressure injury, 29
common locations, 28
ischemia, 75
operative management (see Operative
management, of pressure injuries)
pathogenesis, 75
as pressure ulcers/pressure sores, 75
severity, of ulcer, 28
stages, 77
surgery, goal of, 28
as “unstageable pressure injury”, 76
Pressure sore surgery, 75, 76, 78, 81
Pressure volume recordings, 271
Pressurized arterial system, 285
Profunda femoris artery, 272
Propeller flap, 159, 161
Prosthetic limbs, 57
Pulse volume recordings (PVRs), 174

Q
Quadriceps myodesis, 57

R
Radiation therapy, 19-21, 140
Radiofrequency ablation (RFA), 289, 291
Randomized controlled trials (RCTs), 217
in DFU care, advanced wound care
matrices, 231-239
efficacy and comparative, 231
study selection criteria, 231
in VLU care, advanced wound care
matrices, 241-245
Reconstructive ladder, 171
Reconstructive matrix, 171
Reducible deformity, 95, 99
Regional flaps, 147
Restenosis rates, 278
Reticular varicose veins, 288, 294
Retrograde fashion, 272
Retrograde flow, 284
Rhythmic exercise, 285
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Rutherford category, 278
Rutherford classification system, 269, 270

S
Sacral pressure wound closure, 80, 81
Sagittal force, 93
Saphenopopliteal/saphenofemoral
junction, 285, 295
Saphenous reflux, 288
Saphenous veins, 67, 68, 284
ablation, 288, 290
closure, 300, 302
CAE, 296
chemical ablation (sclerotherapy),
293-295
MOCA, 295
tumescentless and nonthermal
methods, 293
Scalp pressure injuries, 82
Sclerotherapy, 288, 292, 293, 298,
300, 302, 303
Seldinger technique, 272, 300
Self-expanding stents, 276
Semisynthetic wound matrices, 217, 220
Septal perforator, 155
perforator flap, 156
Shear force, 93, 105
Silfverskiold test, 64, 65
Skin allografts, 128, 129
dermal substitutes, 128, 129
ADM, 128
CEAs, 129
and xenograft, 217-219
Skin and soft tissue infections (SSTIs), 18-30
categories
acute bacterial infections, 24
chronic infections, 24
wound colonization, 23
cause, 17
common SSTIs
breast prosthesis infection, 27, 28
burn infections, 26, 27
DFlIs, 25, 26
PllIs, 30
pressure injuries, 28
SWIs, 29
costs, of treatment, 17
diagnosis and management, 17
at risk patient populations
burn injury, 19
DM, 18, 19
immunocompromise, 23

obesity, 22
paraplegia, 20, 21
radiation therapy, 19-21
tobacco, 22
skin extension, 23
Skin engineering, 223
Skin flaps, 148
Skin graft, 126, 140, 141
classification, 125
complications, 140141
infection, 140
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pigmentation and texture difference, 141

FTSGs, 123, 127, 136
healing, 136, 137

imbibition, 124, 131, 137, 138
infection, 139

NPWT use, 203, 204

STSGs, 126 (see Split-thickness skin grafts

(STSGs))
wound suitability, 124, 125
wounds, 138, 139
Skin substitutes, 215, 240
Small intestinal submucosa (SIS), 227

Society for Vascular Surgery and American

Venous Forum (SVS/AVF), 287
Soleus muscle fibers, 63, 67, 69, 70

Spatial frequency domain imaging (SFDI),

150, 151
Split-thickness skin grafts
(STSGs), 127
classification, 126
donor site, 126, 129
dressings, 132—134
epithelialization, 132
meshing, 126, 131
vacuum-assisted closure device, 133
wound bed, 132
Stab phlebectomy, 298
Standard wound care (SWC), 231
Stenting, 274-278, 280
and iliac vein thrombolysis, 299-301
Sternal wound infections (SWIs), 29
Sternal wounds
NPWT use, 202
Strayer procedure, 64
crural fascia, 66, 67, 69
gastrocnemius muscle, 64
gastrocnemius tendon, 67
heel weight-bearing, 73
and Hoke procedure, 66
incomplete correction, 66
malleable retractor, 67, 69
Metzenbaum scissors, 68, 70
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Strayer procedure (cont.)

musculotendinous junction, gastrocnemius

muscle, 67

saphenous vein, 67, 68

skin incision, 67, 68

subcutaneous tissues, 67

surgeon preference and nature, 67

wound closure, 70, 71
Subcutaneous tissues, 67
Superficial circumflex iliac artery (SCIA), 165
Superficial femoral artery (SFA), 272
Superficial venous disease

CEAP clinical class, 288

ETA, 288-293

IPVs, 296

microphlebectomy, 298

saphenous vein ablation, 288, 290

tumescentless methods of saphenous vein

closure, 293-296

Superficial venous system, 283
Supermicrosurgery, 170, 172
Surgical debridement

indications, 7

infection, 10, 11

instruments, 9

technique, 7

wound bed preparation, 10
Surgical site infections (SSI), 204
Surgical wounds

NPWT devices, 193, 197, 204
Syme amputation, 121

T
Talymed, 223
Telangiectasia (spider veins), 288
Temporary dressings/devices vs. permanent
wound coverage/synthetic vs.
biological, 217
Temporary wound coverage, 229
Tenotomy, 99
Tessari method, 294
Thrombolysis, 283, 299, 302
Tibial angioplasty, 278, 279
Tibial vessels, 276
TIME sequence, 5
Tissue oximetry, 149
Tobacco, 22
Toe amputations
biomechanical implications, 50
hallux amputation, 51
insensate patient, 50
ischemic necrosis, 51
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partial, 51
Toe brachial index (TBI), 255
Transcutaneous oxygen pressures (TcPO,), 257
TransCyte, 229
Transmetatarsal amputations (TMA)
healing, 52
postoperative course, 53
reamputation rate, 52
surgical technique, 53
Traumatic wounds
NPWT use, 200, 201
Tributary varicose veins, 288
Triceps surae, 63
Triple hemisection technique, 64
Trochanteric injuries, 82
Tumescentless methods
saphenous vein closure, 293

U
Ulcers
central venous lesions, 299
diabetic foot, 42, 43
endovenous treatment, 303
formation, 286
healing, 300, 302
and lipodermatosclerosis, 287
management, 286
pathophysiology, 285
patients, 287
precursor, 288
prevalence, 299
recurrence, 300, 301
refractory, 302
and skin changes, 299
treatment, 283
venostasis, 283, 288
Ultrasound-guided foam sclerotherapy
(UGFS), 295-298
Urinary bladder matrix (UBM), 227

A%
Vacuum-assisted wound closure
(VAC), 127, 193
Value-driven environment, 246
Valvular reflux, 285
Varicose veins, 285, 287, 294, 300, 301, 303
Vascular lower extremity ulcers
NPWT use, 200
Vascular ulcers
NPWT use, 195
VeClose trial, 296
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Venostasis ulcer, 288
Venous blood volume, 285
Venous hypertension, 285, 286, 288, 299, 303
Venous insufficiency
chronic, 286-288, 299, 303
components, 286
and obstruction, 283
pathogenesis, 285
post-thrombotic, 285
prevalence, 285
risk factor, 285
wounds, 231-240
Venous leg ulcers (VLUs), 223, 231-240
Venous mapping, 287
Venous reflux, 285
Venous severity scoring (VSS) system, 287
Venulectasia, 288
Villalta scoring system, 287

W
WIHI classification system, 271
Wound

acute, 11
acute traumatic, 42
AKAs, 56
bed preparation, 4, 5
chronic, 12, 13
debridement, 10
patient-centered treatment plan, 43
post-debridement, 13
uncontrolled diabetes, 42
unresolved osteomyelitis, 49
Wound colonization, 23
Wound coverage, 156, 158, 161, 165, 166
Wound healing, 139, 140, 143
NPWT devices, 194, 195, 200, 205
PAD, 263, 264
stages, 4
surgical debridement, 4
Wound matrix, see Biofunctional matrices

X
Xenografts, 229
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