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Foreword


In many ways, a textbook defines a particular discipline, and this is especially true in the evolution of modern plastic surgery. The publication of Zeis’s Handbuch der Plastischen Chirurgie in 1838 popularized the name of the specialty but von Graefe in his monograph Rhinoplastik, published in 1818, had first used the title “plastic”. At the turn of the last century, Nélaton and Ombredanne compiled what was available in the nineteenth century literature and published in Paris a two volume text in 1904 and 1907. A pivotal book, published across the Atlantic, was that of Vilray Blair, entitled Surgery and Diseases of the Jaws (1912). It was, however, limited to a specific anatomic region of the human body, but it became an important handbook for the military surgeons of World War I. Gillies’ classic Plastic Surgery of the Face (1920) was also limited to a single anatomic region and recapitulated his remarkable and pioneering World War I experience with reconstructive plastic surgery of the face. Davis’ textbook, Plastic Surgery: Its Principles and Practice (1919), was probably the first comprehensive definition of this young specialty with its emphasis on plastic surgery as ranging from the “top of the head to the soles of the feet.” Fomon’s The Surgery of Injury and Plastic Repair (1939) reviewed all of the plastic surgery techniques available at that time, and it also served as a handbook for the military surgeons of World War II. Kazanjian and Converse’s The Surgical Treatment of Facial Injuries (1949) was a review of the former’s lifetime experience as a plastic surgeon, and the junior author’s World War II experience. The comprehensive plastic surgery text entitled Plastic and Reconstructive Surgery, published in 1948 by Padgett and Stephenson, was modeled more on the 1919 Davis text.


The lineage of the Neligan text began with the publication of Converse’s five volume Reconstructive Plastic Surgery in 1964. Unlike his co-authored book with Kazanjian 15 years earlier, Converse undertook a comprehensive view of plastic surgery as the specialty existed in mid-20th century. Chapters were also devoted to pertinent anatomy, research and the role of relevant specialties like anesthesiology and radiology. It immediately became the bible of the specialty. He followed up with a second edition published in 1977, and I was the Assistant Editor. The second edition had grown from five to seven volumes (3970 pages) because the specialty had also grown. I edited the 1990 edition which had grown to eight volumes and 5556 pages; the hand section was edited by J. William Littler and James W. May. I changed the name of the text from Reconstructive Plastic Surgery to Plastic Surgery because in my mind I could not fathom the distinction between both titles. To the mother of a child with cleft lip, the surgery is “cosmetic,” and many of the facelift procedures at that time were truly reconstructive because of the multiple layers at which the facial soft tissues were being readjusted. The late Steve Mathes edited the 2006 edition in eight volumes. He changed the format somewhat and V.R. Hentz was the hand editor. At that time, the text had grown to more than 7000 pages.


The education of the plastic surgeon and the reference material that is critically needed are no longer limited to the printed page or what is described in modern parlance as “hard copy”. Certainly, Gutenberg’s invention of movable type printing around 1439 allowed publication and distribution of the classic texts of Vesalius (Fabrica, 1543) and Tagliacozzi (De Curtorum Chirurgia Per Insitionem (1597) and for many years, this was the only medium in which surgeons could be educated. However, by the nineteenth century, travel had become easier with the development of reliable railroads and oceangoing ships, and surgeons conscientiously visited different surgical centers and attended organized meetings. The American College of Surgeons after World War II pioneered the use of operating room movies, and this was followed by videos. The development of the internet has, however, placed almost all information at the fingertips of surgeons around the world with computer access. In turn, we now have virtual surgery education in which the student or surgeon sitting at a computer is interactive with a software program containing animations, intraoperative videos with sound overlay, and access to the world literature on a particular subject. We are rapidly progressing from the bound book of the Gutenberg era to the currently ubiquitous hand held device or tablet for the mastery of surgical/knowledge.


The Neligan text continues this grand tradition of surgical education by bringing the reader into the modern communications world. In line with advances of the electronic era, there is extra online content such as relevant history, complete reference lists and videos. The book is also available as an e-book. It has been a monumental task, consuming hours of work by the editor and all of its participants. The “text” still defines the specialty of plastic surgery. Moreover, it ensures that a new generation of plastic surgeons will have access to all that is known. They, in turn, will not only carry this information into the future but will also build on it. Kudos to Peter Neligan and his colleagues for continuing the chronicle of the plastic surgery saga that has been evolving over two millennia.




Joseph G. McCarthy, MD





2012










Preface


I have always loved textbooks. When I first started my training I was introduced to Converse’s Reconstructive Plastic Surgery, then in its second edition. I was over-awed by the breadth of the specialty and the expertise contained within its pages. As a young plastic surgeon in practice I bought the first edition of this book, Plastic Surgery, edited by Dr. Joseph McCarthy and found it an invaluable resource to which I constantly referred. I was proud to be asked to contribute a chapter to the second edition, edited by Dr. Stephen Mathes and never thought that I would one day be given the responsibility for editing the next edition of the book. I consider this to be the definitive text on our specialty so I took that responsibility very seriously. The result is a very changed book from the previous edition, reflecting changes in the specialty, changes in presentation styles and changes in how textbooks are used.


In preparation for the task, I read the previous edition from cover to cover and tried to identify where major changes could occur. Inevitably in a text this size, there is some repetition and overlap. So the first job was to identify where the repetition and overlap occurred and try to eliminate it. This allowed me to condense some of the material and, along with some other changes, enabled me to reduce the number of volumes from 8 to 6. Reading the text led me to another realization. That is that the breadth of the specialty, impressive when I was first introduced to it, is even more impressive now, 30 years later and it continues to evolve. For this reason I quickly realized that in order to do this project justice, I could not do it on my own. My solution was to recruit volume editors for each of the major areas of practice as well as a video editor for the procedural videos. Drs. Gurtner, Warren, Rodriguez, Losee, Song, Grotting, Chang and Van Beek have done an outstanding job and this book truly represents a team effort.


Publishing is at a crossroads. The digital age has made information much more immediate, much more easy to access and much more flexible in how it is presented. We have tried to reflect that in this edition. The first big change is that everything is in color. All the illustrations have been re-drawn and the vast majority of patient photographs are in color. Chapters on anatomy have been highlighted with a red tone to make them easier to find as have pediatric chapters which have been highlighted in green. Reflecting on the way I personally use textbooks, I realized that while I like access to references, I rarely read the list of references at the end of a chapter. When I do though, I frequently pull some papers to read. So you will notice that we have kept the most important references in the printed text but we have moved the rest to the web. However, this has allowed us to greatly enhance the usefulness of the references. All the references are hyperlinked to PubMed and expertconsult facilitates a search across all volumes. Furthermore, while every chapter has a section devoted to the history of the topic, this is again something I like to be able to access but rarely have the leisure to read. That section in each of the chapters has also been moved to the web. This not only relieved the pressure on space in the printed text but also allowed us to give the authors more freedom in presenting the history of the topic. As well, there are extra illustrations in the web version that we simply could not accommodate in the printed version. The web edition of the book is therefore more complete than the printed version and owning the book, automatically gets one access to the web.  In this digital age, video has become a very important way to impart knowledge. More than 160 procedural videos contributed by leading experts around the world accompany these volumes. These videos cover the full scope of our specialty. This text is also available as an e-Book.


This book then is very different from its predecessors. It is a reflection of a changing age in communication. However I will be extremely pleased if it fulfils its task of defining the current state of knowledge of the specialty as its predecessors did.




Peter C. Neligan, MB, FRCS(I), FRCSC, FACS





2012
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Synopsis







[image: image] The reconstructive surgeon who embarks on surgery on the lower extremity must be well acquainted with its complex anatomy.


[image: image] The essence of reconstructive surgery is using one’s thorough knowledge of the nuances of the anatomical structures to enable borrowing from one or more structures to reconstruct the loss of others.


[image: image] This chapter aspires to provide a comprehensive review of the anatomical structures from the hip through to the plantar surface of the foot in order to provide the basis of mastery of lower-extremity reconstruction.


[image: image] The components of the lower extremity vary widely in regard to the redundancy of tissue, density of distinct structures, and function as one travels from proximal to distal regions. It is for this reason that the anatomical depiction of the lower extremity is divided into discussion of the thigh, knee, lower leg, and foot. Each of these structures differs greatly from each other. However, many reconstructive tasks bridge and cross these regions.


[image: image] Even though present in discrete sections, the anatomy of the lower extremity should be viewed as an interconnected and interrelated unit.












Embryology


The first recognizable sign of lower limb growth in the human embryo occurs during the third week of life. The initial limb development begins along the ventrolateral surface. Slow outgrowth of the apical epidermal ridge continues into the fifth week when a small flattened foot plate develops. The foot plate begins development straight with no dorsiflexion and the plantar surface pointed toward the head. Skeletogenesis occurs in the tibial/fibular region while the foot plate begins to rotate laterally (the right foot plate clockwise and the left counterclockwise). By the sixth week, digital rays appear and external notching occurs. Through the sixth to the eighth week chondrification progresses throughout the future bony structures and the lower limb elongates.


The transition from the embryonic to the fetal period occurs during the eighth week. At this point, the phalanges, metatarsals, tarsals, malleoli, tibia, fibula, and femur are all present. Between the third and ninth month the foot dorsiflexes and pronates, and the thigh internally rotates. During this time period, lower limb structures are recognizable. The soft tissues further develop and bones begin to ossify. The first signs of detectable ossification begin in the foot, specifically in the distal phalanges and metatarsal shaft. The intervening proximal and middle phalanges follow. Tarsal bones begin ossification in the fifth month beginning with the talus and the cuboid. Ossification of the remaining regions of the lower extremity continues throughout the rest of gestation.


The lower extremity vascular anatomy of the embryo differs from the adult primarily by the development and transient presence of the sciatic artery (also called the axis or ischiadic artery). This artery arises from the umbilical artery and is separate from the femoral artery as it courses inferiorly along the posterior surface of the thigh, knee, and leg and is a major contributor to lower extremity vascular supply in early fetal development. The femoral artery passes along the anterior side of the thigh and branches into the primitive posterior tibial and peroneal artery and an anterior tibial artery. As the fetus grows, the femoral artery increases in size and the sciatic artery becomes attenuated. In normal development the sciatic artery involutes during the eighth week of gestation and its remnants contribute to the formation of the inferior gluteal, deep femoral, popliteal, and peroneal vessels (Fig. 1.1). However, in 0.025–0.04% of the population a sciatic artery persists throughout fetal development and into adulthood. A persistent sciatic artery can lead to aneurysm formation, thrombosis, and embolization. Although it is a rare anomaly, failure to recognize a persistent sciatic artery can lead to inappropriate assumptions of vascular patterns to common lower extremity flaps.





[image: image]

Fig. 1.1 Vascular development of the lower extremity.











The gluteal region






Gluteal skeletal structure


The pelvis consists of the two paired hip bones and the midline sacrum, articulating together at the two sacroiliac joints. The hip bones are formed by the fusion of the ilium, pubis, and ischium. These three bony regions of the pelvis coalesce to form the acetabulum (Fig. 1.2). The complex bony structure of the pelvis serves to cradle the abdominal organs during upright ambulation, and the large thick bony prominences of the pelvis serve as muscle attachments for the muscles of the hip and thigh. Dense ligaments reinforce the pelvis and distribute the numerous opposing forces acting on it. The sacrospinous ligament runs from the sacrum to the ischial spine, bounding the greater sciatic foramen. The sacrotuberous ligament attaches the sacrum to the ischial tuberosity and encloses the lesser sciatic foramen. Running from the anterior superior iliac spine to the pubic tubercle is the inguinal ligament. Most of the muscles of the thigh originate from the bony pelvis (Fig. 1.3). The action of the multiple flexors, extensors, and internal and external rotators on the hip joint serves to stabilize and position the torso during the complex process of ambulation.





[image: image]

Fig. 1.2 Bones and ligaments of pelvis.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)








[image: image]

Fig. 1.3 Bony attachments of buttock and thigh muscles.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Gluteal fascial anatomy


The fascial system of the gluteal region and the lower extremity contains various permutations of a nearly continuous superficial fascial and a deep fascial layer. The superficial system is located within the subcutaneous fat, usually as a dividing layer where superficial veins and nerves traverse to reach the overlying skin. The superficial layers are thinner than the deep layer, which becomes thinner with age to a point where its presence is described as variable. The deep fascial layer is thicker and frequently can be seen as a dual-layered fibrous band. It usually lies directly over the underlying limb musculature and its proper fascia.


The superficial fascia of the gluteal region is continuous with that over the low back and continues inferiorly into the proximal thigh. The deep fascia covering the gluteal muscles varies in thickness. Over the maximus it is thin, but over the anterior two-thirds of the medius it forms the thick, strong gluteal aponeurosis. This is attached to the lateral border of the iliac crest superiorly, and splits anteriorly to enclose tensor fasciae latae and posteriorly to enclose gluteus maximus.









Muscles of the buttocks


The gluteus maximus is the largest muscle in the body and lies most superficially in the gluteal region, originating from the posterior gluteal line of the ilium and the dorsal portion of the sacrum (Fig. 1.4). The superficial fibers coalesce into a thick tendinous expansion which contributes to the iliotibial band of the fascia lata, while the deep fibers insert on the gluteal tuberosity of the femur. The gluteus maximus acts as a hip extensor when the hip is in a flexed position. When the lower extremity is fixed in position – as in standing – the gluteus maximus dorsally rotates the pelvis and torso. The vascular supply is primarily derived from the inferior gluteal vessels, which supply the inferior two-thirds of the muscle. The superior gluteal vessels supply the superior portion and the first perforator branch of the femoral profunda contributes to the vascular supply of the muscle laterally. For ease of description, the Mathes–Nahai classification system is used when discussing the vascular supply to muscle in this chapter (Table 1.1). The vascular supply of gluteus maximus with two dominant pedicles (superior and inferior gluteal arteries) is considered to be type III.





[image: image]

Fig. 1.4 Muscles of hip and thigh: posterior views.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





Table 1.1 Mathes–Nahai classification system for muscle vascular supply






	Muscle vascular supply type

	Description






	I

	Single vascular pedicle






	II

	Dominant vascular pedicle and one or more minor pedicles






	III

	Two dominant pedicles






	IV

	Segmental vascular pedicles






	V

	Single dominant vascular pedicle and secondary segmental pedicles







Innervation to the gluteus maximus is provided by the inferior gluteal nerve. Underneath the gluteus maximus lie three bursae: the trochanteric, the gluteofemoral, and occasionally the ischiofemoral bursae, which allow frictionless movement over its underlying structures. The gluteus medius, situated immediately deep to the gluteus maximus, arises from the outer surface of the iliac wing and inserts on the greater trochanter of the femur. It is innervated by the superior gluteal nerve and functions to abduct the hip and medially rotate the femur. Blood supply to this muscle is from the deep branch of the superior gluteal artery and from the trochanteric connection.


The gluteus minimus lies deep to the gluteus medius and arises from the outer surface of the ilium. Its fibers join the aponeurosis of the gluteus medius to insert on the greater trochanter, and the two muscles function together to abduct the hip. The gluteus minimus is innervated by the superior gluteal nerve and receives blood supply from the superior gluteal artery and trochanteric connection. Several small muscles arise from the medial pelvis and insert on the greater trochanter of the femur, functioning collectively to rotate the hip externally. These muscles include piriformis, superior and inferior gemellus, quadratus femoris, obturator internus, and obturator externus.









Gluteal vasculature


The superior gluteal artery is the last branch of the posterior trunk of the internal iliac artery. It exits the pelvis through the greater sciatic foramen superior to the piriformis, dividing into two branches (Fig. 1.5). The deep branch runs deep to the gluteus medius, dividing into superior and inferior branches. The superior branch travels laterally to the anterior superior iliac spine and connects with the ascending branch of the lateral circumflex femoral and the deep circumflex iliac. The inferior branch supplies the gluteus medius and minimus, and later joins with the lateral circumflex femoral. The superficial branch of the superior gluteal artery pierces the gluteus maximus, connecting intramuscularly with branches of the inferior gluteal artery, and sending musculocutaneous perforators to the overlying skin. The inferior gluteal artery branches from the anterior trunk of the internal iliac and exits the pelvis through the greater sciatic foramen below the piriformis. It runs deep to the gluteus maximus, supplying it and its overlying skin with musculocutaneous perforators. The artery continues down the posterior thigh, connecting with the perforating branches to supply the skin.
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Fig. 1.5 Arteries and nerves of thigh: deep dissection (posterior view).


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Gluteal innervation


The posterior cutaneous nerve of the thigh exits the pelvis with the inferior gluteal vessels (Fig. 1.5). Several branches will curl around the inferior border of the gluteus maximus and run superiorly to innervate the overlying skin of the buttocks, while the posterior cutaneous nerve continues to descend down the posterior thigh deep to the fascia lata, sending segmental cutaneous branches to the skin of the posterior thigh. The gluteal muscles are innervated by the superior and inferior gluteal nerves. The superior gluteal nerve runs with the superior gluteal artery and divides into superior and inferior branches, which course respectively with the superior and inferior branches of the deep superior gluteal artery, supplying the gluteus medius and minimus. The inferior branch runs laterally to also innervate the tensor fascia latae. The inferior gluteal nerve runs with the inferior gluteal artery, exiting the pelvis below the piriformis and entering the gluteus maximus.












The thigh


The thigh serves a dual function of aid in truncal support and positioning of the knee in space; both processes are critical to ambulation. In the thigh, these functions are usually enacted by multiple muscles that perform in a redundant fashion. The muscles of the thigh are some of the largest in the body and their corresponding fasciocutaneous coverage is also large and relatively redundant. Thorough knowledge of the thigh anatomy is a key component that allows for exploitation of these redundancies. These attributes of the thigh allow it to be a generous source of harvest tissue for local, regional, and distant reconstructive surgical options.






Thigh skeletal structure


The thigh region is generally defined as the cylindrical proximal portion of the lower extremity that extends from the infragluteal crease and the inguinal ligament distally to the tibiofemoral joint. Most anterior thigh musculature originates from the pelvic bone and therefore the bony structure’s interrelation between the pelvis and the femur is a principal anatomic foundation.


The femoral head articulates with the pelvic acetabulum to form the only true ball-and-socket joint in the body, allowing for stability under load as well as smooth multiplanar movement. A dense ligamentous capsule surrounds the hip joint circumferentially, extending from around the pelvic acetabulum to encase the femoral head and insert on the femoral neck (Fig. 1.6). The ligaments of the hip joint are the iliofemoral, pubofemoral, ischiofemoral, transverse acetabular and the ligamentum teres. As the hip moves, so do the capsular ligaments. The ligaments are reinforced with capsular thickenings which wind and unwind, tightening around the hip, affecting stability, excursion, and joint capacity.
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Fig. 1.6 Joints and ligaments of the hip.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





The pelvic bone serves as the principal base for the thigh musculature. Eleven out of the 17 muscles of the thigh originate from the pelvis. Two bony prominences emanate from the femoral neck at about 90° from each other – the greater and lesser trochanters. These femoral prominences primarily serve as insertion sites for hip actors (Fig. 1.3). The greater trochanter receives insertions from the quadratus femoris, gluteus medius, obturator externus, piriformis, obturator internus, and gemellus muscles. The lesser trochanter is the insertion target for the iliopsoas muscle. The action of multiple flexors, extensors, and internal and external rotators on the hip joint serves to stabilize and position the torso during the complex process of ambulation.


The vascular supply of the femoral bone arises from multiple sources. The femoral head and neck are encircled by an arterial-connecting arcade contributed by the medial and lateral circumflex arteries with lesser contribution by the superior and inferior gluteal vessels. These vessels piece the hip joint synovial capsule and form a subsynovial intra-articular ring. The femoral shaft has multiple nutrient foramina via which branches from the second perforating artery from the profunda femoris (Fig. 1.7) enter and deliver endosteal blood supply. These foramina usually run along the linea aspera (Latin for “rough line”) on the posterior surface of the femur in the middle one-third of the femoral shaft. Periosteal vascularity along the femur receives vascular input from either the perforating branches of the profunda or directly from the profunda femoris. The distal metaphyseal region of the femur also has multiple vascular foramina that are derived from the genicular arterial system.
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Fig. 1.7 Osteology of the femur.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





This genicular system, based on the superficial femoral artery, is the anatomical basis for the clinically relevant medial femoral periosteal bone flap. Using the descending genicular artery (a medial branch of the superficial femoral artery) as a pedicle, perisosteum, cortical and cancellous bone can be harvested from the medial femur as a vascularized flap. Usually used as a free flap (with or without an associated skin paddle off the saphenous artery), the medial femoral periosteal bone flap is utilized as an effective treatment for recalcitrant bony nonunions of the clavicle, humerus, tibia, and radius (Fig. 1.8).
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Fig. 1.8 The medial femoral periosteal bone flap.











Thigh fascial composition


Like the abdomen, the thigh has a superficial and deep fascial system. The superficial fascia lies within the subcutaneous fat of the thigh encircling the entire structure. Superficial vessels and nerves pass along and pierce this fascia as they travel from their deeper tributaries and surface to the superficial skin targets. The thickness of the fascia varies throughout the thigh but thickens proximally in the inguinal region. At the inguinal ligament the superficial fascia fuses with the deep thigh fascia.


The deep fascia structure of the lower extremity is a tough, well-vascularized fibrous tissue that lies beneath the superficial fascia and all the subcutaneous fat. This fibrous structure encircles and constrains the thigh musculature in a near-complete sheath, often found to be dual layers. The deep fascia of the thigh has been referred to and described by several different names, making the terminology somewhat confusing. The deep fascia of the thigh is also called investing fascia of the thigh; the fascia lata (lata, Latin for wide or broad); or, even more confusingly, the “thick layer of the superficial fascia.” The deep fascia of the thigh attaches posteriorly to the sacrum and coccyx, anteriorly to the inguinal ligament, and laterally to the iliac crest. At the inguinal ligament, where the superficial fascia joins the deep fascia, lies the fossa ovalis. The fossa ovalis is an opening in both fascial layers through which the great saphenous vein, superficial branches of the femoral artery, and lymphatics pass through, transitioning between the deep and the superficial layers of the thigh (Fig. 1.9). This opening is covered by a membranous layer of the superficial fascia called the cribriform fascia (derived from the Latin cribrum or sieve). A thickening of the fibrous tissues is present on the lateral aspect of the deep fascia (fascia lata) which is called the iliotibial band or tract (Fig. 1.10). The iliotibial band is proximally attached to the tensor fascia latae muscle and together this myofascial unit aids in maintaining knee extension.
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Fig. 1.9 Surface anatomy: superficial veins and nerves.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)








[image: image]

Fig. 1.10 Muscles of hip and thigh: lateral view.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





Septa pass from the deep fascial sheath to the bones within, confining the functional muscle groups within osteofascial compartments. The fascia functions as additional areas of attachment to the muscles and as a partition of similarly functioning musculature which augments their efficiency. In addition to separating musculature, fascial planes also provide pathways for vessel perforators to travel from deeper vasculature to the overlying skin they supply.


There are three functional compartments of the thigh: anterior, posterior, and medial. The anterior compartment contains the knee extensor muscles; the posterior compartment is comprised of knee flexors; and the medial compartment retains the hip adductors (Fig. 1.11). The medial and lateral intermuscular septa travel from the fascia lata to attach to the femur on the linea aspera along its posterior aspect. These septa then divide the anterior compartment from the posterior compartments and partition the thigh musculature according to knee function. Only the anterior and posterior compartments have definite fascial boundaries. The medial (adductor) compartment is not a true anatomical compartment as it has no defined intermuscular septa separating it. The muscles of the adductor compartment – gracilis, pectineus, adductor longus, adductor brevis, and adductor magnus – form a functional compartment in the proximal aspect of the thigh.
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Fig. 1.11 Thigh: serial cross-sections.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Thigh musculature


There are 17 muscles that have origins in, insertions to, or course through the region of the thigh. The iliacus and the psoas major originate from the lumbar vertebral column and insert on the lesser trochanter together. They are commonly considered as one functional unit – the iliopsoas – and are powerful hip flexors.


The three compartments of the thigh are a well-organized way to approach the thigh musculature (Table 1.2). The anterior thigh compartment contains the sartorius, articularis genu, and quadriceps femoris, comprised of the rectus femoris, vastus lateralis, intermedius, and medialis (Table 1.3). These muscles are the primary knee flexors. All of the anterior-compartment musculature is monoarticular functioning, with the exception of the sartorius and the rectus femoris, which crosses both the hip joint and the knee joint. These muscles are therefore biarticular muscles and flex both the hip and knee joints.




Table 1.2 Thigh musculature


[image: image]




Table 1.3 Anterior thigh compartment musculature






	Muscle

	Function






	Sartorius

	Flexes, abducts, and external rotation of thigh at hip






	Flexes and internally rotates leg at knee






	Rectus femoris

	Hip flexion and knee extension






	Vastus lateralis

	Knee extension






	Vastus medialis

	Knee extension, patellar stabilization






	Vastus intermedialis

	Knee extension






	Articularis genu

	Retracts bursa as knee extends







The sartorius muscle is the most superficial muscle of the thigh. It obliquely crosses the anterior thigh from superolateral to medial inferior. The proximal end of the sartorius makes up one of the three limbs of the femoral triangle. The medial border of the sartorius makes up the lateral side; the medial border of the adductor longus makes up the medial side of the triangle; and the inguinal ligament makes up the superior limb (Fig. 1.12). The femoral triangle denotes the region where the femoral artery, nerve, and vein are transiently uncovered superficially by muscle in the proximal thigh. Here, all three structures radiate multiple branches in multiple directions to supply the vasculature and innervation to the groin region, lower abdomen, and proximal thigh. As the femoral artery, vein, and nerve descend distally in the thigh, they dive under the adductor longus and then proceed to the adductor canal. At the distal end of the sartorius, the muscle inserts on the proximal, medial surface of the tibia. The sartorius inserts in this region above the gracilis, which then inserts above the semitendinosus (Fig. 1.13). This three-muscle insertion point forms the pes anserinus (a Latin derivation for “duck’s foot”) which is so named because of the three-toed pattern of the duck’s foot. The sartorius’ superficial and femoral triangle proximity location makes it an ideal candidate for muscle transposition coverage over proximal thigh wounds with femoral vessel exposure. It has a type IV segmental blood supply but there exist more dominant segmental pedicles which allow for adequate vascular pivot points. In addition, partial sartorius muscle transfer can be effectively utilized to ensure vascular supply and close complex proximal thigh wounds.
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Fig. 1.12 Arteries and nerves of thigh: anterior views.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)
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Fig. 1.13 Pes anserinus.




The quadriceps muscles act as a unit through the patella and the patellar tendon to extend the lower leg at the knee. Knee extension is critical in human ambulation and upright posture maintenance. The redundancy in the function of these four muscles ensures this ability. However, removal of one or a portion of one of the quadriceps muscles can usually be tolerated with appropriate centralization techniques of the remaining musculature and with adequate physical therapy. This recovery potential is a primary factor in the ability to use the vascular type II rectus femoris muscle for regional and distant reconstructions. The dominant pedicle from the descending branch of the lateral circumflex artery allows for wide transposition of the rectus femoris muscle or musculocutaneous flap without sacrificing knee function after centralizing the remaining knee flexors.


The posterior compartment musculature is comprised of the knee flexion muscles, colloquially known as the hamstrings (termed referring to the posterior thigh culinary cut of the hog – ham) (Table 1.4). The three muscles of this compartment facilitate knee flexion. The biceps – as its name denotes – has two heads, each with a slightly different origin and action. All three of these muscles span the posterior knee, with the tendons of the semitendinosus and semimembranosus traveling medially and forming one border of the popliteal fossa and the biceps femoris tendon traveling laterally and forming the other border (Fig. 1.14).


Table 1.4 Posterior thigh compartment musculature






	Muscle

	Function






	Biceps femoris

	Long head: extends knee






	Both heads: flexes and laterally rotates knee






	Semitendinosus

	Extends hip, flexes and medially rotates the knee






	Semimembranosus

	Extends hip, flexes and medially rotates the knee
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Fig. 1.14 Muscles of the thigh.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





The adductor compartment houses the adductor magnus, brevis, and longus, as well as the gracilis and pectineus (Figs 1.15 and 1.16 and Table 1.5). All five muscles cross the hip joint but only one – the gracilis – crosses the knee. The gracilis is also the most superficial muscle of the adductor compartment. It begins from its origin on the pubic bone as a flat, broad muscle that tapers down into a narrow tendon that inserts into the pes anserinus. Because of its superficial location, its muscle vascular supply type II, and an associated vascular branch that leads to the overlying skin, the gracilis is a frequent choice for a muscle or musculocutaneous flap. Due to their position and musculature structure, the remainder of the adductor muscles do not lend themselves easily for flap transposition.
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Fig. 1.15 Muscles of thigh: anterior view.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)
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Fig. 1.16 Muscles of the thigh, deep dissection: anterior view.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





Table 1.5 Adductor compartment musculature






	Muscle

	Function






	Adductor magnus

	Hip adduction, internal hip rotation






	Adductor longus

	Hip adduction, internal hip rotation






	Adductor brevis

	Hip adduction






	Gracilis

	Hip adduction, knee flexion, and internal rotation






	Pectineus

	Hip flexion, adduction, and internal rotation







The tensor fascia latae is not classically designated in the previously described compartments but included in the discussion of the thigh because of its intimate relation to thigh musculature and it utility in thigh reconstructive options. The tensor fascia latae lies on the proximal lateral aspect of the thigh originating from the iliac crest. As it descends distally, it is enveloped by the two layers of the iliotibial band of the fascia lata (Figs 1.10 and 1.12). The tensor fascia latae muscle usually ends in the first third of the thigh but can extend down to the lateral femoral condyle. Its blood supply is from the ascending branch off the lateral circumflex femoral arterial system. This allows the muscle and fascia to be included with other flaps based off the same system if such a composite reconstruction is required. Also, with dissection to the branch to the source lateral circumflex femoral vessels, the tensor fascia latae with its long iliotibial band can be used to reconstruct other fascial defects in nearby regions such as the abdomen.









Thigh vasculature


The primary blood supply to the entire lower extremity is the femoral artery, passing beneath the inguinal ligament into the femoral canal (Fig. 1.17). It courses with the femoral vein through the femoral sheath, a short canal composed of continuation of the transversalis fascia anteriorly and the iliac fascia posteriorly. These fascial layers fuse with the vascular adventitia approximately 4 cm inferior to the inguinal ligament. The femoral artery crosses beneath the sartorius muscle and enters Hunter’s canal, a fibromuscular canal bounded laterally by the vastus medialis, inferiorly by the adductor longus and magnus, and anteromedially by the sartorius. The femoral artery exits Hunter’s canal through the adductor hiatus, entering the popliteal fossa, at which point its name changes to the popliteal artery.
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Fig. 1.17 Femoral and profunda arteries.




In the proximal thigh, the femoral artery bifurcates 4 cm inferior to the inguinal ligament into the profunda femoris (also called the deep femoral artery) and the superficial femoral artery. Although there is some debate over the terminology of the femoral artery’s origin and distal progression, it is usually described as follows: the external iliac artery becomes the femoral artery after it crosses the inguinal ligament, then the femoral artery branches into the profunda femoris and the superficial femoral artery. The profunda femoris usually branches from the posterolateral aspect of the femoral artery then passes deep to the adductor longus muscle, between the insertions of the lateral and medial intermuscular septa, and runs posterior to the linea aspera of the femur (Figs 1.11 and 1.18).
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Fig. 1.18 Arteries of thigh and knee: schema.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)









Profunda femoris


In the thigh, the profunda femoris is the predominant blood supply source. There are some important contributions to thigh musculature by the superficial femoral artery (the adductors, sartorius, and the vastus medialis) but the main vascular distribution for the three thigh compartment arises from the profunda femoris. The majority of the pedicles to thigh musculature arise in the proximal two-thirds of the thigh from the six major branches of the profunda femoris: the lateral and medial circumflex arteries and four perforating arteries (Fig. 1.18).









Lateral circumflex femoral arterial system


The lateral circumflex femoral arterial system is particularly relevant to the reconstructive surgeon due to the number of harvest tissue options that have been developed based on it. The traditional description of the lateral circumflex femoral artery is as the second major branch of the profunda femoris that winds superolaterally and divides into three branches at the lateral border of the femoral triangle, namely, the ascending, transverse, and descending branch (Fig. 1.19). The ascending branch travels along the intertrochanteric line, supplying the greater trochanter, the tensor fascia latae, anterior iliac crest, and the skin overlying the hip before connecting with the superior gluteal and deep circumflex iliac vessels. The transverse branch passes through the vastus lateralis and curls posteriorly around the femur, joining with the medial circumflex. The descending branch usually travels in the intermuscular septum between the vastus intermedius and the overlying rectus femoris. From these branches, cutaneous perforators either travel through the musculature (musculocutaneous perforators) or between the musculature along the intervening fibrous septa (septocutaneous perforators).
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Fig. 1.19 Lateral circumflex femoral artery (LCFA). TFL, tensor fascia lata.




There is great variability in the lateral circumflex femoral artery system and the traditional description of the location of the vessels and their courses does not always hold. Greater than 20% of persons have the take-off of the lateral circumflex femoral artery in a different location from the profunda femoris. It can arise from the femoral artery itself (16%), present as a split artery traveling from the femoral artery and the profunda femoris separately (3%), from a common origin for the profunda femoris and the medial circumflex femoral artery (MCFA) (5%), from the MCFA itself (5%), or separate branches of the lateral circumflex femoral artery can develop from multiple other sites (4%).


The number, size, position, and course of the cutaneous perforators that emanate from the lateral circumflex femoral artery are also variable but still follow generalized patterns which are used to exploit this versatile arterial system. The most common pattern of lateral circumflex femoral artery limbs is three arterial branches: (1) ascending; (2) transverse (also termed oblique); and (3) descending. The position and take-off of these branches can also demonstrate great variability.


In spite of this multiplicity of anatomic variations, this system provides a robust interconnected blood supply to skin, muscle, fascia, and bone. This can be exploited for a plethora of flap compositions in a variety of orientations. In the particularly complex wound, the harvest of lateral circumflex femoral artery system can be designed to encompass composite flaps with multiple tissue types. If the lateral circumflex femoral artery system is properly dissected, a composite flap or rectus femoris, anterolateral skin and fascia, tensor fascia latae muscle, and iliac crest bone can be fashioned (Fig. 1.20).
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Fig. 1.20 Lateral circumflex femoral artery system.


(Courtesy of Lawrence Gottlieb.)












Medial circumflex femoral arterial system


The MCFA is typically the first major thigh-supplying branch off the femoral artery. The MCFA emerges from the medial and posterior aspect of the profunda, and winds around the medial side of the femur. It then passes between the pectineus and psoas major, and then between the obturator externus and the adductor brevis to supply the adductor compartment (Fig. 1.21). As the artery passes between the quadratus femoris and the adductor magnus it splits into descending and transverse branches. The transverse branch passes posteriorly to the femur and joins the transverse branch of the lateral circumflex and the inferior gluteal artery, known as the cruciate connection. The descending branch of the MCFA branches into several muscular branches to supply the gracilis muscle in most cases. The MCFA system mirrors the lateral circumflex femoral artery as a nexus of branches that supply multiple different muscles and cutaneous regions but branches of the MCFA are smaller than those of the lateral circumflex femoral artery.
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Fig. 1.21 Profunda femoris perforating branches.











Profunda femoris perforating branches


There are typically four perforating branches (counting the terminal extent as one branch) of the profunda femoris that arise distal to the circumflex arteries. Their name is derived from the course of the vessels traveling posteriorly near the linea aspera of the femur. These vessels perforate the tendon of the adductor magnus under small tendinous arches to supply the posterior thigh. The first perforating branches emerge from the profunda femoris above the adductor brevis, the second from in front of the adductor, and the third immediately below it. The distal aspect of the profunda becomes the fourth perforator (Fig. 1.21). The first perforating branch supplies the adductor brevis, adductor magnus, biceps femoris, and gluteus maximus. The second perforating branch is larger than the first and divides into an ascending and descending branch. These branches supply the entire posterior-compartment muscles and are the source for the nutrient endosteal blood supply to the femoral bone. The third and fourth perforating branches also supply the posterior femoral muscles and join with branches of the MCFA and the popliteal artery.












Innervation of the thigh






Motor innervation


The nerve supply of the compartments in the thigh follows a “one compartment, one nerve” pattern. The femoral nerve supplies the anterior compartment, the obturator nerve supplies the medial compartment, and the sciatic nerve supplies the musculature of the posterior compartment. Innervation to the thigh is derived originally from the lumbar and sacral plexuses. The femoral nerve, arising from the L2–L4 nerve roots, passes beneath the inguinal ligament and splits into anterior and posterior divisions around the lateral femoral circumflex artery (Fig. 1.22). The anterior division supplies muscular innervation to the sartorius and gives off the intermediate and medial cutaneous nerves of the thigh. The posterior division of the femoral nerve provides motor innervation to the quadriceps, sensory fibers to the knee joint, and also gives rise to the saphenous nerve. The obturator nerve, also arising from the L2–L4 spinal roots, enters the thigh through the obturator foramen and splits into anterior and posterior branches. The anterior branch of the obturator nerve provides motor innervation to the adductor longus brevis and gracilis, and sensory innervation to the hip joint, and communicates with the saphenous nerve to innervate the medial leg. The posterior branch of the obturator nerve innervates the adductor magnus and occasionally brevis, and supplies sensory innervation to a portion of the knee joint capsule. The sciatic nerve is the largest nerve in the body, arising from the L4–S3 nerve roots and entering the thigh through the sciatic foramen inferior to the piriformis (Fig. 1.23). It divides into its two major components, the tibial and the common peroneal nerve, at a variable point within the thigh. The tibial nerve supplies all hamstring muscles with the exception of the short head of the biceps femoris, which is innervated by the common peroneal nerve.
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Fig. 1.22 Femoral nerve and lateral cutaneous femoral nerves.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)
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Fig. 1.23 Sciatic nerve (L4, L5; S1, S2, S3) and posterior femoral cutaneous nerve (S1, S2, S3).


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Cutaneous innervation


The cutaneous innervation of the thigh is shared by two pure cutaneous nerves directly branching from the lumbosacral plexus (lateral and posterior femoral cutaneous nerves) and cutaneous branches from two mixed nerves (femoral and obturator) (Figs 1.22–1.24). The lateral femoral cutaneous nerve arises from the dorsal branches of the second and third lumbar rami. It travels from intra-abdominal and behind the descending colon to exit to the thigh underneath or through the inguinal ligament. The lateral femoral cutaneous nerve divides into an anterior and posterior branch. The anterior branch pierces the fascia lata and becomes superficial ~10 cm below the anterior superior iliac spine. The posterior branch pierces the fascia lata more superiorly than the anterior branch. The posterior branch supplies the cutaneous region around the greater trochanter and midthigh. The anterior branch supplies the anterolateral skin of the thigh down to the knee.
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Fig. 1.24 Obturator nerve.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





The posterior femoral cutaneous nerve arises from the first and second sacral rami. It leaves the pelvis via the greater sciatic foramen and descends distally under the gluteus maximus with the inferior gluteal vessels. It travels down the thigh superficial to the long head of the biceps femoris but still under the fascia lata. It pierces the deep fascia behind the knee and continues down to the midcalf where its terminal branches communicate and contribute to the sural nerve. The posterior femoral cutaneous nerve supplies the majority of the posterior thigh skin via branches that pierce the fascia lata to travel superficially. The skin over the popliteal fossa is also supplied by the posterior femoral cutaneous nerve.


The femoral nerve course has been described previously. Its anterior division supplies the medial superior and inferior thigh skin by way of the intermediate cutaneous and medial cutaneous nerve of the thigh. The obturator nerve arises from the second to fourth lumbar rami. It exits the pelvis, initially descending within the psoas major then finally through the obturator foramen, anterosuperior to the obturator vessels. It branches into an anterior and posterior division. The branches off the anterior division give cutaneous innervation to the inferomedial thigh (Fig. 1.24).















The leg


As the lower extremity extends from the thigh to the leg, the anatomic structures narrow significantly and switch from primarily hip and knee function to ankle and foot movement. The knee and the ankle are the apices of the conical construction of the thigh and the leg which encompass the termini of their musculotendinous structures. As one travels distally on the leg, the tissues become more compact and intricate. The amount of redundant soft tissue that was present in the thigh is not available in the leg; there is also less redundancy of similar functioning muscles. These issues make the leg more of a target of tissue reconstruction rather than the source of harvest tissue.






Knee and leg skeletal structure






Knee skeletal structure


The knee is the largest synovial joint in the body. It is such, because it is comprised of the largest long bone of the body (femur) and the largest sesamoid bone (patella). The quadriceps tendon is invested in the patella. The tendons of the vastus lateralis, vastus medialis, vastus intermedialis, and rectus femoris all come to a confluence at the superior surface of the patella. Even though they join together to form the quadriceps tendon, each has a slightly specific location of insertion on the patella. The quadriceps tendon extensor system has fibers that envelop the patella and help form the patellar tendon which courses distally to insert on the tibial tuberosity (Fig. 1.25). The primary functional role of the patella is to assist in knee extension. The patella augments the leverage of the quadriceps extensor system by increasing the moment arm of its line of pull. The presence of the patella amplifies the extensor force by 30%.
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Fig. 1.25 Knee joint (lateral, medial, and anterior views).


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





The knee is comprised of two joints, the patellofemoral and the tibiofemoral joint. The patellofemoral joint assists in producing leg flexion and extension at the tibiofemoral joint. In addition to flexion and extension, varying degrees of active medial to lateral rotation are possible at the knee. The tibiofemoral joint is a bicompartmental synovial joint whose stability and range of motion are governed by a complex interplay between the bony anatomy and its soft-tissue constraints. The femoral condyles, their articular surfaces on the tibia, and the intercondylar regions are all uniquely and asymmetrically shaped. This gives the knee lateral translocation and rotational movement beyond any hinge joint. The soft-tissue elements of the knee restrain excess motion but allow for wide latitude in mobility, as well as supporting and cushioning the weight-bearing bony components. The medial (tibial) collateral, lateral (fibular) collateral ligament, posterior cruciate, anterior cruciate, popliteofibular, transverse, coronary, and tibiofibular ligaments all work in cooperation with the muscular attachments to provide knee joint stability (Fig. 1.26). The medial and lateral menisci are semilunar cartilaginous structures arranged in crescentic laminae that deepen the articulation surface on the tibia that receives the femoral condyles (Fig. 1.27). The menisci are connected to the surrounding peripheral ligament structures and further stabilize the knee as well as buttress the femoral weight-bearing load (Fig. 1.27).
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Fig. 1.26 Knee: cruciate and collateral ligaments.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)
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Fig. 1.27 Knee: interior (interior, superior, and anterior views).


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





Even though it is not a direct component of the knee, the tibiofibular joint contributes to leg operation. The main functions of the proximal tibiofibular joint are distributing torsional stresses applied to the ankle during bending movements, and resisting tensile forces creating with weight-bearing. Although not a significant contributor to weight-bearing, the tibiofibular joint accepts one-sixth of the axial load of the leg.


The terminal insertion of the knee-extending quadriceps muscle is the tibial tuberosity. The quadriceps muscles coalesce to the quadriceps tendon, encircle the patella, and then insert on the smooth proximal region of the tibial tuberosity as the patellar tendon. The tibial tuberosity is a small, raised triangular area where the anterior condylar surfaces merge. The pull of the quadriceps is lateral to the midline movement of the patellofemoral joint; this is due to the medial location of the tibia in relation to the femur.


The shafts of both the tibia and the fibula form triangular-type shapes when viewed from a cross-section cut. The apex of the tibia is oriented anteriorly with a smooth curvilinear medial surface and a shelf-like lateral surface that brackets the lateral compartment musculature. The triangular apex of the fibula is oriented lateral and 90° to that of the tibia. The interosseous membrane crosses the leg in the anterior one-third area and is attached between the interosseous crests of the tibia and the fibula (Fig. 1.28).
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Fig. 1.28 Tibia and fibula.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Leg skeletal structure


The vascular supply to the tibia and fibula is provided from multiple sources. The tibia receives major endosteal vascularity through the proximal nutrient foramen that lies near the soleal line. The soleal line is an obliquely oriented bony ridge in the posterior superior aspect of the tibia, coursing from the tibia articulation with the fibula inferiorly to the medial edge of the tibia at the border between its middle and upper thirds. This ridge is the insertion site of the popliteus and the origin of the soleus, flexor digitorum longus, and tibialis posterior muscles (Fig. 1.29). The endosteal blood supply to the tibia enters this area after branching off the posterior tibial artery as it exits the popliteal fossa. Alternatively, this tibial nutritive branch may also stem from the popliteal bifurcation of the anterior tibial artery and the tibioperoneal trunk. The periosteal supply to the tibial shaft arises from multiple segmental branches directly from the anterior tibial artery and from perforating branches from the surrounding musculature. The distal domain of the tibia is supplied by branches from the connection around the ankle between the peroneal and posterior tibial vessels.
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Fig. 1.29 Bony attachments of muscles of leg.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





The fibula receives its endosteal blood supply for the shaft region from a branch of the peroneal artery that enters the bone through a nutrient foramen in the middle one-third of the shaft with most of the foramen positioned at the midpoint of the bone. Most commonly there is only one nutrient vessel but less than 10% of the population may have two or more. The nutritive branch enters the fibula on the posteromedial surface, posterior to the interosseous membrane. The fibula also receives a periosteal blood supply from multiple branches from the peroneal artery. The fibular head receives a separate blood supply. The anterior tibial artery gives off recurrent branches and both the inferior lateral genicular arteries may supply the fibular head and neck. The distal metaphyseal region of the fibula is supplied by the ankle connection between the peroneal and posterior tibial vessels similar to the distal tibia.












Leg fascial composition


The fascial structure of the leg is in continuation with the fascial system of the thigh, which in turn is contiguous with some of the major fascial components of the abdomen. The superficial fascia of the leg lies within the subcutaneous tissue. It is often present in two or more layers of areolar tissue but the layers can also be densely adherent and appear as one. Within these layers lie the superficial vessels and nerves. In the leg, the great and lesser saphenous veins and the sural and saphenous nerve travel along the superficial fascia (Fig. 1.30).
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Fig. 1.30 Leg: cross-sections and fascial compartments.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)









Deep fascia of the leg


The deep fascia of the leg (also called the investing fascia or fascia cruris) encircles and constrains the whole leg musculature. The deep fascia is actually a continuation of the fascia lata of the thigh and receives fascia expansions from the tendons of the extensor and flexor knee muscle retinacula. The deep fascia varies in thickness in different regions and is closely attached to the tissue structures just beneath it. Proximally, it is attached to the patellar tendon, tibial tuberosity and condyles, and the head of the fibula. On the posterior aspect of the leg, the deep fascia is thickened by transverse fibers over the popliteal fossa and is termed the popliteal fascia. In this region, the lesser saphenous vein and the sural nerve penetrate the fascia from superficial to deep as they travel from distal in the subcutaneous space to deep between the muscular heads of the gastrocnemius (Fig. 1.9). The medial aspect is adherent to the tibial periosteum. The anterior portion of the deep fascia thickens and fuses with the muscular fascia of the tibialis anterior and the extensor digitorum longus; laterally it covers the peroneus longus. In the posterior leg, the deep fascia thins as it courses over the fascia of the gastrocnemius and the soleus.









Interosseous membrane


The interosseous membrane of the leg (also called the middle tibiofibular ligament) is a band of dense fibrous fibers oriented obliquely that extends between the interosseous crests of the tibia and the fibula (Fig. 1.30). It separates the anterior (ankle dorsiflexion) compartment from the posterior (ankle plantarflexion) compartment. The muscles which lie directly on the membrane (anteriorly – tibialis anterior, extensor hallucis longus; posteriorly – tibialis posterior, flexor hallucis longus) use the membrane as a muscular origin site. At the superior aspect of the interosseous membrane is an oval aperture that allows for passage of the anterior tibial vessels traveling from the popliteal bifurcation in the popliteal fossa to the anterior leg. At the inferior edge of the interosseous membrane there is another opening that allows for the passage for perforating branches from the distal peroneal artery. The inferiormost aspect of the interosseous ligament contributes to the interosseous (tibiofibular) ligament. This interosseous ligament is a distinct structure which helps restrain tibiofibular articulation but allows for slight translational movement at the proximal ankle.









Lower leg compartments


When viewing the leg in cross-section, the deep fascia creates a peripheral circle of limiting fibrous tissue with the fibula, tibia, and interosseous membrane as an off-centered, central axis (Fig. 1.30). Intermuscular septa radiate from this central axis to the investing deep fascia and divide the leg musculature into compartments. These compartments organize the lower extremity musculature into similarly functioning groups. The intervening fascia bands also give the muscles increased attachment surfaces and aid in contractile activity.


These intermuscular septa divide the leg into anterior, lateral, and posterior osteofascial compartments. The anterior muscle compartment is cradled by the tibial lateral surface medially and the interosseous membrane as its floor. The roof of the anterior compartment is the deep fascia of the leg and the lateral wall is the intermuscular septum that divides the anterior compartment from the lateral compartment. The lateral compartment, therefore, is located just lateral to the anterior compartment; its floor is the anterior surface of the fibula, the roof is the investing fascia of the leg, and the other wall is the intermuscular septum dividing the lateral from the posterior compartment. The posterior compartment is the largest of the three major osteofascial compartments and lies below the interosseous membrane. The posterior compartment has two subdivisions. The transverse intermuscular septum creates a division line from the lateral deep fascia wall to the medial deep fascia wall separating the posterior compartment into the deep and superficial layers. The superficial layer is then the only compartment that does not have a bony component. The medial surface of the tibia is bare with no muscular peripheral coverage and therefore there is no medial compartment (Fig. 1.30).









Compartment syndrome


The functional advantage of osteofascial compartment organization can turn to a clinical liability when the intracompartment volume is pathologically expanded against its minimally expansive fascial borders. Trauma, infection, and intravenous extravasation of liquids can increase compartmental volume through edema, inflammation, and/or direct volume addition. As the volume of a compartment increases, so does the intracompartmental pressure due to the rigid nature of the fascial boundaries. As extravascular, intercompartmental pressure rises above capillary and arterial filling pressure, perfusion and vascular inflow decreases or fails. Tissue ischemia and eventually necrosis of the structures within the compartment ensue. An understanding of the location and architecture of the compartments is essential to adequately treating and preventing compartment syndrome. Because the investing fascia of the leg is thickest on the anterior surface, the anterior compartment is the least expansile of the four major compartments of the leg. The posterior aspect of the investing fascia of the leg is the more pliable; therefore the superficial posterior compartment is much more expansile and slightly less at risk for compartment syndrome than its deeper compatriot.












Leg musculature






Anterior compartment


There are 14 muscles in the lower leg. All muscles except for the popliteus cause range of motion at the ankle, foot, or toes. The composition of the compartments of the leg follows a congruent order. The muscular components of each compartment share similar functions at the ankle and foot (Table 1.6). The anterior compartment (extensor compartment) is comprised of the four muscles (tibialis anterior, extensor digitorum longus, extensor hallucis longus, and peroneus tertius), one major artery (anterior tibial), and one major mixed nerve (deep peroneal) (Figs 1.31 and 1.32). These muscles of the anterior compartment are responsible for ankle, foot, and toe dorsiflexion (Table 1.7). The tibialis anterior is the most superficial muscle in the compartment and originates from lateral tibial condyle, the proximal two-thirds of the tibial shaft, and the interosseous membrane (Fig. 1.29). It overlies the anterior tibial vessels and the deep peroneal nerve in the proximal leg. The tibialis anterior proceeds distally and its tendon passes through the medial compartments of the superior and inferior foot extensor retinacula and inserts in the inferomedial surface of the medial cuneiform and the base of the first metacarpal bone (Fig. 1.33). Its specific mechanism of action is foot dorsiflexion and inversion. The tibialis receives its blood supply from the anterior tibial artery, usually in branches organized in two columns. These columns give off 8–12 branches and therefore the blood supply to the tibialis anterior muscle is classified as segmental. The extensor digitorum longus lies lateral to the tibialis anterior in the anterior compartment. Its origin is positioned similarly to the tibialis anterior (lateral tibial condyle, the proximal two-thirds of the tibial shaft, and the interosseous membrane). The extensor digitorum longus travels distally in the lateral aspect of the ankle and transitions to tendon at around the same point as the tibialis anterior. It divides into four slips that proceed to the second through fifth toes. Similar to the extensor digitorum in the hand, the extensor digitorum longus has multiple insertion points at the metatarsophalangeal joint and the extensor system of the toes on the dorsal proximal phalanx. The extensor digitorum longus extends the toes, dorsiflexes synergistically with the tibialis anterior and extensor hallucis, as well as everts the foot. It has a segmental blood supply from the anterior tibial artery similar to that of the anterior tibialis. The extensor hallucis longus has the same origin as the extensor digitorum longus but inserts on the base of the distal phalanx of the first toe. Its mechanism of action is dorsiflexion of the first toe and foot. Like all muscles in the anterior compartment, its blood supply is segmental from the anterior tibial artery. This then limits the mobility and arc of rotation of anterior-compartment muscles flaps. The peroneus tertius (also called the fibularis tertius – “third” peroneus or fibula-related muscle) is a muscle unique to the human species. Along with the popliteus, it is the shortest muscle in the leg. The peroneus tertius originates on the distal third of the fibula, below both the peroneus longus and brevis. The peroneus tertius inserts on the base of the fifth metatarsal bone. Its mechanism of action is to work in collaboration with the other muscles of the anterior compartment to dorsiflex and evert the foot, especially during the swing phase of gait. All the muscles of the anterior compartment are innervated by the deep peroneal nerve.




Table 1.6 Leg musculature
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Fig. 1.31 Muscles of leg (superficial dissection): anterior view.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)
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Fig. 1.32 Muscles of leg (deep dissection): anterior view.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





Table 1.7 Anterior leg compartment musculature






	



Tibialis anterior


Extensor digitorum longus


Extensor hallucis longus


Peroneus tertius
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Fig. 1.33 Muscles of dorsum of foot: superficial dissection.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Lateral compartment


The lateral compartment is comprised of only two muscles – the peroneus longus and brevis (Fig. 1.31 and Table 1.8). They both originate from and are anatomically related to the fibula – the meaning of the word “peroneus.” The peroneus longus is the more superficial of the two and has a more superior origin on the fibula than the brevis (Table 1.6). Both muscles convert to tendinous structures at the ankle and course in a groove behind the lateral malleolus. They then travel on the plantar surface of the foot to their insertions (Fig. 1.34). The peroneus brevis inserts on the plantar surface of the base of the fifth metatarsal. The peroneus longus crosses the foot traveling beneath the midsole musculature to insert on the plantar surface of the base of the first metatarsal. Both muscles work together to evert and plantarflex the foot. The blood supply for both muscles is the same with the major pedicle branching from the peroneal artery in the proximal one-third and a distal minor branch coming off the anterior tibial artery in the distal two-thirds of the muscles (Mathes–Nahai muscle supply classification type II). There is no major vessel within the lateral compartment so both pedicles must traverse the intermuscular septa to reach their target muscles. Both the peroneus longus and brevis are innervated by the superficial branch of the peroneal nerve.


Table 1.8 Lateral leg compartment musculature






	



Peroneus longus


Peroneus brevis
















[image: image]

Fig. 1.34 Muscles of sole of foot: second layer.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Posterior compartment – superficial layer


The posterior compartment is the largest compartment of the leg and is divided into deep and superficial layers by the deep transverse fascia. The superficial group contains four plantarflexion muscles – medial and lateral gastrocnemius, soleus, and plantaris (Fig. 1.35 and Table 1.9). The gastrocnemius and plantaris muscles originate on the femur and insert on the calcaneus (Table 1.6). Therefore, these muscles cause activity on both the knee (flexion) and ankle joints (plantarflexion). The medial head gastrocnemius is larger and longer than the lateral head. The mass of the medial can be up to twice as great as that of the lateral. The proximal aspect of the gastrocnemius defines the inferior border of the popliteal fossa (the superior border is marked by the terminus of the biceps femoris, semitendinous, and semimembranosus). The lateral head overlies the biceps femoris and the medial head overlies the semimembranosus. The muscle mass of the gastrocnemius extends to midcalf and transitions to its tendinous component more proximally than the soleus muscle.
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Fig. 1.35 Muscles of leg (intermediate dissection): posterior view.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





Table 1.9 Posterior leg compartment – superficial layer musculature






	



Medial gastrocnemius


Lateral gastrocnemius


Soleus


Plantaris













Of note, in 10–30% of individuals, a sesamoid bone can be present in the proximal tendon of the lateral head of the gastrocnemius. Located behind the femoral condyle, this sesamoid body is called the fabella (Latin for little bean) and can be either fibrocartilaginous or bony. When seen on knee radiographs, the fabella can mistakenly be identified as a foreign body or an osteophyte.


Each head of the gastrocnemius is supplied by a sural branch off the popliteal artery. The medial sural artery always arises more proximally from the popliteal artery than the lateral, usually at the level of the tibiofemoral joint line. Each sural artery enters the deep surface of the gastrocnemius at about the level of the middle of the popliteal fossa. These muscles follow a single major pedicle vascular supply pattern (type I) but also have some small connecting vessels between the muscle heads. The sural artery enters each head paired with a motor branch for the tibial nerve. The plantaris muscle is a small, expendable muscle that lies between the gastrocnemius muscles superficially and the soleus deep. It is often resected and used as a source for tendon grafting, but can be absent in 10% of the population. It provides minimal activity at the ankle in a similar fashion to the gastrocnemius. The fourth muscle of the superficial posterior compartment is the soleus. It is a broad flat muscle that works synergistically with the other muscles of the compartment to plantarflex the foot. It originates from the proximal one-third of the tibia and posterior aspect of fibula head. On the tibia, the soleus has an aponeurotic origin along an obliquely oriented bony ridge of the proximal tibia, referred to as the soleal line (sometimes, popliteal line). Superior to this line is the origin of the popliteus. In the proximal calf, the gastrocnemius overlies the soleus. However, distal to the midcalf, the muscle belly of the soleus is still thick and wide and continues much more distally than the gastrocnemius until its musculotendinous transition and its tendinous insertion into the Achilles. The tendons of the gastrocnemius, soleus, and plantaris coalesce to create the broad, thick Achilles tendon which inserts into the posterior calcaneus. The soleus has a type II blood supply with three major dominant pedicles feeding it. It receives dominant pedicles from the popliteal, peroneal, and posterior tibial arteries. Proximally, near the soleal origin, the popliteal artery issues out two branches to the soleus; just below the tibioperoneal bifurcation, the peroneal artery contributes two branches; and the posterior tibial artery delivers two major pedicle branches in the proximal one-third of soleus. Additionally, there are minor pedicles that flow as segmental branches from the posterior tibial artery in the distal one-third of the leg. Because of the multiple different vascular supplies, basing an entire soleus muscle flap off one or two closely related pedicles usually results in some ischemia of the muscle area most distant from the arterial inflow. Of note, the superficial posterior compartment musculature is important to the “muscle pump” of venous return. There is an intramuscular venous plexus within the soleus that is important for adequate lower extremity venous return, especially when the individual maintains the upright position. The gastrocnemius muscles and the tight deep fascia of the leg both contribute to the deep venous system’s return physiology. Consequently, most distal (calf) deep venous thromboses are seen in either the soleus or gastrocnemius.









Posterior compartment – deep layer


The deep posterior compartment (or deep flexor group) is comprised of four muscles – popliteus, flexor digitorum longus, flexor hallucis longus, and tibialis posterior (Table 1.10; see also Table 1.6). These muscles lie below the deep transverse fascia and have a varied array of function, including knee flexion, toe flexion, and foot plantarflexion (Fig. 1.36). The popliteus is a flat muscle that travels obliquely across the popliteal fossa from its origin on the posterior aspect of the lateral femoral condyle to the posterior aspect of the proximal tibial shaft. The popliteus is characterized as the muscle that “unlocks” the knee joint from full extension. It rotates the tibia medially on the femur to allow the beginning of knee flexion. The flexor digitorum longus and the flexor hallucis longus have similar attachments and functions. Both originate in the middle one-third of the leg, with the flexor digitorum longus originating from the tibia and the flexor hallucis longus originating from the fibula. The flexor digitorum longus descends down the leg and its tendon courses posterior to the medial malleolus and across the sole of the foot to insert to the plantar surfaces of the base of the distal phalanges. The flexor hallucis longus travels from the fibular origin down to the ankle with most of the muscle belly uniquely still present at the calcaneal level. It crosses the sole of the foot under the flexor digitorum longus to insert into the base of the plantar surface of the first-toe distal phalanx. Slips of tendons pass between and cause multiple interconnections among the flexor digitorum longus and the flexor hallucis longus. This allows a coordinated flexion of toes to maintain their pads in firm contact with the ground, which improves balance and stability. The blood supply for the flexor digitorum longus comes from multiple segmental branches of the posterior tibial artery. The flexor hallucis longus, with its origin off the fibula, is supplied by the peroneal artery via multiple segmental branches. The tibialis posterior is the deepest muscle of the posterior compartment. Its origin lies adjacent to the proximal and mid one-third of the interosseous membrane and the surrounding tibia and fibula. As the tibialis posterior progresses to the musculotendinous junction, it courses behind the medial malleolus with the flexor digitorum longus and crosses the plantar surface of the foot beneath the flexor retinaculum. The tendon of the tibialis posterior inserts into the navicular and the medial cuneiform. Its blood supply is provided by multiple branches of the posterior tibial artery. The tibial nerve innervates the tibialis posterior. Because of its deep location and highly segmental blood supply the posterior tibialis is not a common flap choice.


Table 1.10 Posterior leg compartment – deep layer musculature






	



Popliteus


Flexor digitorum longus


Flexor hallucis longus


Tibialis posterior
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Fig. 1.36 Tibial nerve.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)















Leg vasculature


The entire vascularity of the leg emanates from the popliteal artery (Fig. 1.37). The popliteal artery is an extension of the femoral artery after it exits the adductor (Hunter’s) canal and crosses the popliteal fossa. Just before it enters the fossa, it gives off multiple genicular branches which form a rich vascular plexus that wraps anteriorly around the knee. The superior genicular arteries connect with descending branches from the lateral circumflex femoral artery and branch directly off the superficial femoral artery (Fig. 1.18). As the popliteal artery exits the popliteal fossa at the distal edge of the popliteus, it produces its first terminal branch, the anterior tibial artery.
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Fig. 1.37 The popliteal artery.




The anterior tibial artery passes between the heads of the tibialis posterior and penetrates through the oval aperture in the superior aspect of the interosseous membrane. It then enters the anterior compartment where it supplies all its musculature. The anterior tibial artery descends along the anterior surface of interosseous membrane until it reaches the ankle. At the ankle, the anterior tibial artery is positioned midway between the lateral and medial malleoli on the anterior surface of the ankle and enters the foot as the dorsalis pedis artery (Fig. 1.17).


In the knee, after the anterior tibial artery branches from the popliteal artery, there is usually a short segment of vessel that continues distally for a small distance, then divides into the peroneal and posterior tibial vessels. This tibioperoneal trunk may be present, but in a few cases the peroneal and posterior tibial artery can arise directly from the popliteal vessel, creating a true trifurcation with the anterior tibial artery. The posterior tibial and peroneal arteries split from the popliteal artery distal to the popliteus muscle (Fig. 1.38). Both arteries remain in the deep layer of the posterior compartment with the peroneal artery traveling deeper and laterally, closely related to the fibula. The posterior tibial artery descends down the leg, initially slightly more superficial than the peroneal artery, and then courses deeper to just under the deep transverse fascia. As it progresses distally, it becomes more superficially located until it is only covered by skin and subcutaneous fat as it traverses the ankle posterior to the medial malleolus. The tibial nerve runs with the posterior artery in the posterior calf. Approximately five fasciocutaneous perforators emerge between the flexor digitorum longus and the soleus to pass through the deep fascia to the skin (Figs 1.39 and 1.40). As the posterior tibial artery rounds the medial malleolus, it divides into its terminal branches – the medial and lateral plantar arteries.
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Fig. 1.38 Posterior tibial and peroneal artery and tibial nerve.
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Fig. 1.39 Leg vasculature.
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Fig. 1.40 Fasciocutaneous perforators.











Leg nerve anatomy






Lower leg nerve topography


Leg innervation is derived almost entirely from the tibial and peroneal branches of the sciatic nerve. The sciatic nerve bifurcates into the tibial and common peroneal nerves in the popliteal fossa. The tibial nerve continues down the deep posterior compartment running alongside the posterior tibial artery (Fig. 1.36). It innervates all the musculature of both the deep and superficial posterior compartments. The tibial nerve accompanies the descent of the posterior tibial artery to the ankle and they course together behind the medial malleolus under the flexor retinaculum. As the tibial nerve leaves the ankle and enters the plantar surface of the foot it bifurcates into the medial and lateral plantar nerves.


In the popliteal fossa, the common peroneal nerve branches off laterally from the sciatic nerve and then passes from the posterior to the lateral aspect of the leg (Fig. 1.36). It curves lateral to the fibular neck, deep to the peroneus longus muscle and divides into superficial and deep peroneal nerves (Fig. 1.41). The superficial peroneal nerve travels distally down the leg between the peronei and the extensor digitorum longus. In the proximal two-thirds of the leg, it gives off its motor innervation to the muscles of the lateral compartment. As the superficial peroneal nerve continues inferiorly to the distal one-third of the leg, it runs superficially to pierce the deep leg fascia to enter the subcutaneous space. Here it bifurcates into medial and lateral branches which provide innervation to the skin of the lower leg and foot.
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Fig. 1.41 Common fibular (peroneal) nerve.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





The deep peroneal nerve begins its course splitting from the common peroneal nerve between the fibula and the proximal part of the peroneus longus. It crosses medially from the lateral leg compartment to the deep aspect of the anterior compartment. There, it travels down the leg in front of the interosseous membrane, behind the extensor digitorum longus. It descends to the ankle alongside the anterior tibial artery and sends terminal branches into the foot joints and dorsal skin.









Lower leg motor innervation


The motor innervation of the leg muscles follows a “one compartment, one nerve” principle. All the muscles within each compartment of the leg are innervated by a single nerve. The muscles of the anterior compartment are innervated by the deep peroneal nerve (Table 1.11); the lateral compartment muscles are innervated by the superficial peroneal nerve (Table 1.12); the muscles of the posterior compartment (both superficial and deep layers) are innervated by the tibial nerve (Table 1.13).


Table 1.11 Muscles innervated by the deep peroneal nerve






	



Tibialis anterior


Extensor hallucis longus


Extensor digitorum longus


Peroneus tertius













Table 1.12 Muscles innervated by the superficial peroneal nerve






	



Peroneus longus


Peroneus brevis













Table 1.13 Muscles innervated by the tibial nerve






	Superficial layer

	Deep layer






	Medial gastrocnemius

	Popliteus






	Lateral gastrocnemius

	Flexor digitorum longus






	Soleus

	Flexor hallucis longus






	Plantaris

	Tibialis posterior














Lower leg cutaneous innervation


Cutaneous innervation of the leg is shared by branches of the major mixed nerves of the lower extremity (femoral and sciatic nerves) and the posterior cutaneous nerve of the thigh (Figs 1.22 and 1.23). The nerves that innervate the skin surfaces of the knee and leg are: saphenous, posterior femoral cutaneous, common peroneal, superficial peroneal, medial sural, and sural nerves.


The saphenous nerve branches from the femoral nerve in the distal one-third of the thigh. It travels along the adductor canal for a distance then exits medial to the sartorius muscle. It passes medially and underneath the sartorius then heads superficial between the sartorius and gracilis. Here, the saphenous nerves pierces the fascia lata and enters the subcutaneous space. As it descends inferiorly, it gives off an infrapatellar branch that innervates the medial knee and medial crural branches that supply the entire medial leg.


The posterior femoral cutaneous nerve is a pure sensory nerve that branches directly from the sacral plexus in the gluteal region. It descends beneath the gluteus maximus with the inferior gluteal artery. The posterior femoral cutaneous nerve runs subfascially until the middle of the thigh where it pierces the fascia lata and transitions to the subcutaneous space. Here, it sends off multiple branches to the posterior thigh but continues distally to innervate the posterior knee where it also forms communicating branches with the sural nerve.


The course of the common peroneal nerve in the proximal leg has previously been discussed. As it curves lateral to the fibula neck the common peroneal nerve gives off cutaneous branches that innervate the lateral knee skin. Beneath the peroneus longus muscle the common peroneal nerve divides into superficial and deep peroneal nerves (Fig. 1.41).


The superficial peroneal nerve is responsible for the cutaneous nerve supply for the middle one-third area of the lateral leg (Fig. 1.41). As it travels down the leg in the lateral compartment musculature if gives off cutaneous branches that innervate this area. The superficial peroneal nerve cutaneous innervation continues distally to the anterior ankle. Both the superficial and the deep peroneal branches exit the ankle into the foot to give dorsal cutaneous innervation. In the dorsal foot, the deep peroneal nerve courses below the superior extensor retinaculum; the superficial peroneal nerve passes above the retinaculum in the subcutaneous space. The majority of the dorsal foot innervation is supplied by the peroneal nerve. The deep peroneal nerve has only one small, unique area of cutaneous innervation in the entire lower extremity – the first webspace, medial side of the second toe, and lateral side of the great-toe dorsum (Fig. 1.41). The cutaneous innervation of the lateral side of the dorsum of the foot is also provided by the sural nerve via the lateral dorsal cutaneous branch.


The sural nerve system is an intercommunicating complex of nerve branches that travel between the common peroneal and the tibial nerves. The terminology becomes somewhat confusing as the nomenclature for some branches is not uniform. Suffice to say, the term “sural” means calf and these branches serve the cutaneous regions of the remainder of the leg. There is a medial sural branch from the tibial that supplies the medial posterior portion of the leg and a lateral sural nerve from the common peroneal nerve that supplies the lateral posterior portion of the leg. The sural nerve is composed of several different possible intercommunicating cutaneous branches of the leg. The branches coalesce in the proximal leg and form the sural nerve. The sural nerve pierces the deep fascia of the leg at the inferior edge of the gastrocnemius head median raphe. It travels down the leg in the subcutaneous space with the lesser saphenous vein. It innervates the distal one-third of the leg skin.


The sural nerve is of specific clinical importance since it is a common nerve harvested as a nerve graft. The sural nerve is easily located posterior to the lateral malleolus, possesses a relatively small number of branches, and its removal yields a tolerable anesthetic defect in the lateral lower leg and foot. These reasons make the use of the sural nerve graft very appealing for nerve reconstruction, especially in the upper extremity.















The ankle and foot


The ankle and foot are the fulcrum of the positioning forces of the entire upright human body. This is a highly functional area with thin soft-tissue coverage over highly complex and compact osteoligamentous structures. Adequate ambulation and balance rely on a proper interplay between proprioception through skin coverage and sensation; musculotendinous performance; and bony alignment. Proficient reconstruction of the ankle and foot requires a thorough understanding and a focus on maintaining these essential anatomic interactions.






Ankle and foot skeletal structure


There are 28 major bones in the human foot. The bony arrangement produces an intricate and intercalated system, reinforced by the surrounding ligament system that supports the entire weight of the body. The ankle is the region of transition from the leg to the foot and orientation of bones and muscles from vertical to horizontal.






Ankle


The ankle is comprised of two joints: (1) the articulation between the distal surfaces of the fibula (lateral malleolus) and tibia (medial malleolus) to the superior aspect of the talus; and (2) the subtalar joint – the articulation of the inferior aspect of the talus to the superior aspect of the calcaneus and four bones: (1) lateral malleolus; (2) medial malleolus; (3) talus; (4) calcaneus (Fig. 1.42). Strong ligaments support this structure throughout its multiplanar movement. The anterior and posterior inferior tibiofibular ligaments, the interosseous ligament, and the interosseous membrane act synergistically to stabilize the joint. The ankle is has been described as hinge (i.e., ginglymus) or a mortise type of synovial joint. Both the hinge and the mortise imply a more rigid limited motion, but this conceptually belies that, in addition to plantarflexion–dorsiflexion, rotation and inversion–eversion movements occur at the ankle.





[image: image]

Fig. 1.42 Ankle joints.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Foot


The ankle and foot are analogous to the hand in many ways. Similar to how the carpal bones are organized into a proximal and distal row, so too are the tarsal bones. The talus and calcaneus make up the proximal row in the foot, while the medial, intermediate, and lateral cuneiforms and the cuboid comprised the distal row. The navicular is the sole nonanalogous element in the foot as it is interspersed between the talus and the cuneiform, although one can see some analogous shape and position features with the scaphoid. The bones of the toes are very similar to the hand with the second through fifth toes consisting of metatarsal, proximal, middle, and distal phalanges. The first toe – like the thumb – is only three bones long and does not contain a middle phalanx (Fig. 1.43).
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Fig. 1.43 Bones of the foot.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)















Ankle and foot fascial composition


In the ankle and foot, the wide, encompassing fascial system that was present in the thigh and leg gives way to the formation of discrete retinacular bands of deep fascia that group tendons and prevent bowstringing. These bands create an important separation of functional units in a compact space and provide fulcrum points for gliding and levering of musculotendinous action.


The foot and ankle contain three major fascial retinacula: (1) the extensor retinacula are located on the dorsum of the foot; (2) the flexor retinaculum is located on the medial ankle; and (3) the peroneal retinaculum is located on the lateral ankle. Each retains similar functioning tendons. The sole of the foot also contains multiple fascial divisions extending from the tarsals and metatarsal to the plantar skin.






Extensor retinacula


There are two fascial retinacular bands that hold down the tendons of the dorsiflexion musculature of the ankle and foot – the superior and inferior extensor retinaculum. The superior extensor retinaculum dorsally restricts the tendons of the tibialis anterior, extensor hallucis longus, extensor digitorum longus, and the peroneus tertius at the level of the tibiofibular joint. This retinaculum is attached laterally to the distal end of the anterior border of the fibula and medially to the anterior border of the tibia just above the prominence of the lateral and medial malleoli (Fig. 1.33). The anterior tibial vessels and the deep peroneal nerve course below the superior extensor retinaculum; the superficial peroneal nerve passes above the retinaculum in the subcutaneous space.


The inferior extensor retinaculum is a Y-shaped fascial band whose stem originates laterally on the superior surface of the calcaneus. The medial side of the retinaculum splits into two bands that separate different tendons and insert in two distinct locations. The proximal band encircles the extensor hallucis longus and tibialis anterior tendons and inserts on the medial malleolus. The distal band wraps around the instep of the foot and inserts on to the plantar aponeurosis (Fig. 1.44). This retinaculum retains the peroneus tertius, the extensor digitorum longus, the anterior tibial vessels, deep peroneal nerve, and the extensor hallucis longus (Table 1.14).
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Fig. 1.44 Fascial components of foot.




Table 1.14 Structures restrained by the extensor retinaculum






	



Anterior tibial vessels


Deep peroneal nerve


Tibialis anterior tendon


Extensor hallucis longus


Extensor digitorum longus


Peroneus tertius




















Flexor retinaculum


The flexor retinaculum (also called the laciniate ligament) is a medial ankle-located fascial band that restricts bowstringing of the plantar-flexing tendons traveling from the leg to the foot behind the medial malleolus (Fig. 1.44). The retinaculum is attached anterosuperiorly to the medial malleolus and fans out wide posteroinferiorly to the calcaneus and plantar aponeurosis. The flexor retinaculum retains the tendons of the flexor digitorum longus, flexor hallucis longus, and the tibialis posterior, the posterior tibial vessels, and the tibial nerve (Table 1.15). The tendons are usually located anteriorly and the neurovascular structures posteriorly.


Table 1.15 Structures restrained by the flexor retinaculum






	



Posterior tibial vessels


Tibial nerve


Tibialis posterior tendon


Flexor digitorum longus tendon


Flexor hallucis longus tendon













An osteoligamentous passageway is created by the flexor retinaculum superficially and the talus and calcaneus deep. This structure is also called the tarsal tunnel and is analogous in many ways to the carpal tunnel of the hand. Both tunnels contain flexor tendons and a mixed motor and sensory nerve that gives supply to intrinsic muscles and the glabrous skin of the distal extremity. A significant similarity is the inelasticity of both osteoligamentous tunnels. There is very little pliancy in the ligament roofs of both tunnels and none in the bony floor. If the tunnel space is compromised by an intrinsic etiology (e.g., a space-occupying lesion (ganglion, lipoma, nerve or nerve sheath tumor, or varicose veins), swelling, inflammation of tendon sheaths) nerve compression can result. Bony prominences and exostoses may also contribute extrinsic pressures to cause disorder.


In the tarsal tunnel, if sufficient pressure is applied to the tibial nerve, local ischemia occurs and causes nerve conduction dysfunction. Similar to carpal tunnel syndrome, patients can experience paresthesias and dysesthesias; demonstrate a positive Tinel’s sign at the tarsal tunnel; and demonstrate an abnormal nerve conduction study.









Peroneal retinaculum


On the lateral aspect of the ankle, the tendons of the peroneus longus and brevis are held in position by a dual-positioned fascial band – the peroneal retinaculum. The superior peroneal retinaculum extends from the posterior surface of the lateral malleolus to the calcaneus (Fig. 1.44). The inferior peroneal retinaculum retains the tendons by attaching from the inferolateral surface of the calcaneus and inserting on the superior surface of the calcaneus. The inferior peroneal retinaculum shares its insertion on the superior calcaneus with the origin of the inferior extensor retinaculum. As the retinaculum crosses the peroneal tendons, it sends a septal fascia band to the peroneal trohclea, separating them. Damage to this fascial sheath causes peroneal muscular function instability.


The peroneal retinaculum retains only two structures: the peroneus longus tendon and the peroneus brevis tendon (Table 1.16). The peroneal artery is not retained by the peroneal retinaculum whose course travels in the same area as the retinaculum but superficial to it. As the peroneal artery passes distally from the leg to the foot, it exits from the deep region of the ankle to pass superficial to the peroneal retinaculum and provides vascular supply to the calcaneal and lateral malleolar regions of the ankle via multiple branches (Fig. 1.44).


Table 1.16 Structures restrained by the peroneal retinaculum






	



Peroneus longus tendon


Peroneus brevis tendon




















Plantar fascia


The plantar fascia (also called the plantar aponeurosis) is a thick fibrous band which constrains the intrinsic structures of the foot deeper to it and serves the fixed base for the densely adherent glabrous skin superficial to it. It is analogous to the palmar fascia of the hand in providing a stable base for overlying skin to resist shear forces and to facilitate ambulation. In the multilayered sole of the foot, the plantar fascia is the first defined structure beneath the subcutaneous fat. Proximally the plantar fascia is attached to the calcaneus and distally it divides into five slips which are joined by transverse fibers and then insert to the dermis beyond the metatarsal heads via retinacula cutis skin ligaments (Fig. 1.45). It is joined at a right angle, just distal to the metatarsal heads, by the transverse metatarsal ligament. The plantar fascia is not uniform in its consistency; it is strongest and thickest centrally and thins laterally and distally.
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Fig. 1.45 Sole of foot: superficial dissection.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)












Fascial compartment of foot


There are five major fascial compartments of the foot (Table 1.17). These fascial compartments divide the foot musculature in functional units that facilitate efficient action. There are four separate plantar compartments bounded by intermuscular septa connecting the underlying bony components to the deep fascia of the foot and one dorsal foot compartment which is consider essentially as a single, multilayered compartment (Fig. 1.46). For clinical reconstruction application, the medial and dorsal plantar compartments are the most significant. They contain the more useful intrinsic muscles that can be transposed for flap coverage. The remaining plantar compartments house smaller, deeper muscles with less transfer utility.


Table 1.17 Fascial compartments of the foot






	Plantar

	 






	 Medial compartment

	Contains abductor hallucis and flexor hallucis brevis






	 Central compartment

	Contains flexor digitorum brevis, lumbricals, flexor accessorius, and adductor hallucis






	 Lateral compartment

	Contains abductor digiti minimi and flexor digit minimi brevis






	 Interosseous compartment

	Contains the seven interossei






	Dorsal compartment

	Although several fascial layers in dorsum, effectively there is one dorsal compartment
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Fig. 1.46 Muscles of the foot and ankle.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





The medial plantar compartment contains two intrinsic muscles which act on the great toe – the abductor hallucis and the flexor hallucis brevis. The compartment lies beneath the medial border of the plantar aponeurosis and contains the most medial branches of the medial plantar artery and nerve (Fig. 1.47).
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Fig. 1.47 Muscles of sole of foot: first layer.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





The lateral plantar compartment contains two intrinsic muscles on the lateral foot which act on the small toe – abductor digiti minimi and flexor digiti minimi. Due to the medial orientation of the plantar fascia (Fig. 1.47), the compartment does not have the plantar fascia overlying it. However, proximally the calcaneometatarsal ligament overlies the lateral plantar compartment.


Similar to the leg, conditions that cause increased intracompartmental pressure can lead quickly to compartment syndrome of the foot. Release of the surrounding fascial attachments is essential to avoid tissue ischemia and necrosis. Crush injuries, calcaneal fractures, and tarsometatarsal joint dislocations are the most common causes for foot compartment syndrome.












Foot musculature


The foot and ankle are acted upon by both extrinsic and intrinsic musculature. The extrinsic muscles all originate from proximal to the foot and have been described in the leg section. These muscles act on both the ankle and the toes. The intrinsic muscles of the foot originate and insert within the foot and act primarily on the toes. Their secondary function is to maintain posture balance through stabilization of the osteocartilaginous architecture of the foot.


The plantar muscles of the foot can be thought of as organized by layers from sole of the foot progressing deep to the bony structures (Table 1.18). The first layer consists of muscles found just beneath the plantar aponeurosis – the flexor digitorum brevis, the abductor hallucis, and the abductor digiti minimi (Fig. 1.47). These muscles extend from calcaneus to toes and create a functional group that assists in maintaining foot concavity. All three have been described as local muscle for pedicled reconstruction of the regional and ankle; all are Mathes–Nahai vascular supply type I muscles. The flexor digitorum brevis achieves vascular supply from branches of the posterior tibial artery and vein via the medial and lateral plantar arteries on its proximal deep surface. The abductor hallucis is supplied by a dominant pedicle on its deep surface and by a branch of the medial plantar artery in the proximal foot. The abductor digiti minimi muscle receives its dominant pedicle from a lateral branch of the proximal lateral plantar artery.


Table 1.18 Muscles of the foot






	Plantar musculature

	 

	 






	First layer

	Abductor hallucis
Flexor digitorum brevis
Abductor digiti minimi

	All three extend from calcaneus to toes and create a functional group that assists in maintaining foot concavity






	Second layer

	Flexor digitorum accessorius
Lumbrical muscles

	Injury to the motor supply branch for the tibial nerve to the lumbricals can cause clawing of the toes






	Third layer

	Flexor hallucis brevis
Adductor hallucis
Flexor digiti minimi brevis

	Highly interrelated musculature that contributes in the maintenance of the longitudinal plantar arch






	Fourth layer (interosseous compartment)

	Dorsal interossei
Plantar interossei

	The adduction–abduction activity of the interossei is based through the axis of the second toe (dissimilar from the third finger in the hand). Therefore the second toe is the least mobile of the metatarsophalangeal joints. Tendons of the tibialis posterior and the peroneus longus are considered part of the fourth layer






	Dorsal musculature

	Extensor digitorum brevis

	Additional extensor of toes, if it is cut or the extensor digitorum longus the toes still extend and do not impede ambulation. Useful muscle flap for small skin defects and as joint interposition to prevent fusion (e.g., calcaneonavicular bar). Major vascular pedicle from dorsalis pedis perforator and minor pedicle from peroneal artery perforator






	 

	Extensor hallucis brevis

	Closely associated with the extensor digitorum brevis and sometimes considered variant slip of the extensor digitorum brevis







The first layer for the plantar foot is separated from the second layer by the tendons of the extrinsic muscles of the flexor digitorum longus and the flexor hallucis longus. Also, the medial and lateral plantar artery and nerve divide from the posterior tibial artery and the tibial nerve in this intermediary plane (Fig. 1.34).


The second layer consists of the flexor digitorum accessories (also called the quadratus plantae muscle) and the lumbrical muscles of the foot. The quadratus plantae is one of the few muscles of the foot that does not have an analogous structure in the hand. It has two heads extending from the medial and lateral border of the calcaneus. It inserts into the tendon of the flexor digitorum longus and aids in plantarflexion of the second to fifth toes. The lumbricals of the foot mirror those of the hand in their unique attribute of both originating and inserting on tendons. They are four muscles that arise from the medial side of the flexor digitorum longus and insert on the extensor system of the second through fifth phalanges (Fig. 1.34). The foot lumbricals follow the same course as those of the hand, and flex the metatarsophalangeal joints and extend the interphalangeal joints.


The third layer consists of the flexor hallucis brevis, the adductor hallucis, and flexor digiti minimi brevis phalanges (Fig. 1.34). These form a small, deep intrinsic musculature that contributes in the maintenance of the longitudinal plantar arch and participates in the stabilization of intrinsic foot osteoligamentous intercalation and balance.


The fourth layer is the interosseous compartment which contains both the plantar and the dorsal interossei. The three plantar interosseous muscles adduct the toes. The four dorsal interosseous muscles abduct the toes. The adduction–abduction activity of the interossei is based through the axis of the second toe (dissimilar from the third finger in the hand). Therefore the second toe is the least mobile of the metarsophalangeal joints. Tendons of the tibialis posterior and the peroneus longus are considered part of the fourth layer.


The dorsum of the foot contains two muscles – the extensor digitorum brevis and extensor hallucis brevis (Fig. 1.33). These muscles perform accessory toe extension function to the extrinsic toe extensors. The loss of these muscles does not significantly affect toe extension nor impede ambulation. The extensor digitorum brevis extends the second through fifth toes while the extensor hallucis brevis extends the great toe. The extensor digitorum brevis receives its blood supply from the lateral tarsal artery, a branch off the dorsalis pedis. The extensor digitorum brevis is a useful muscle flap for small skin defects of the foot and ankle (Fig. 1.48). Also it can be used as joint interposition to prevent fusion in nearby tarsal joints (e.g., calcaneonavicular bar). Closely associated with the extensor digitorum brevis is the extensor hallucis brevis. It is a small, variable muscle that is sometimes considered a variant slip of the extensor digitorum brevis.
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Fig. 1.48 (A, B) Extensor digitorum brevis muscle flap.











Foot and ankle vasculature


The foot and ankle receive their blood supply from three main proximal sources: the dorsalis pedis, the terminal branches of the posterior tibial artery, and the terminal branches of the peroneal artery.






Dorsalis pedis


The dorsalis pedis artery is a direct extension from the anterior tibial artery and is the major vascular supply for the dorsum of the foot. It passes from underneath the extensor retinaculum and travels underneath the extensor digitorum brevis. The dorsalis pedis artery passes between the tendons of the extensor hallucis longus medially and the extensor digitorum longus laterally. As it crosses over the tarsus and continues over the space between the first and second metatarsal, it give off a major terminal branch that dives deep between the first intermetatarsal space and joins the lateral plantar artery to complete the plantar arterial arch (Fig. 1.49). This branching is significant because it provides communication between the dorsal foot circulation primarily supplied by the dorsalis pedis with the plantar circulation supplied by the posterior tibial artery (via the lateral and medial plantar arteries). Another major terminal branch from the dorsalis pedis is the first dorsal metatarsal artery that courses distally and supplies the dorsal skin of the first and second toes.
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Fig. 1.49 Anatomy of the foot: nerves.


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)





In the midforefoot, the dorsalis pedis (and variably the first dorsal metatarsal artery) gives off septocutaneous branches that supply the dorsal skin of the medial two-thirds of the foot. This area of skin can be harvested with the dorsalis pedis artery as a fasciocutaneous dorsalis pedis flap.









Posterior tibial artery – medial and lateral plantar arteries


The posterior tibial artery runs beneath the flexor retinaculum and splits in the medial and lateral plantar artery as it enters the sole of the foot in between the first and second layers (Fig. 1.36). The bifurcation occurs under the abductor hallucis muscle and both the lateral and medial plantar arteries arborize to give branches to the toes. The medial plantar artery has a smaller caliber than that of the lateral. It runs along the medial side of the foot and contributes to the plantar digital arteries of the first through third toes. The lateral plantar artery is analogous to the ulnar artery in the hand and similarly is the dominant blood supply for the plantar arterial arch (Fig. 1.36). At the first intermetatarsal space, a perforating branch from the dorsalis pedis dives from the dorsal side of the foot to the plantar surface and connects with the plantar arterial arch via the lateral plantar artery. Together the dorsalis pedis branch and the lateral plantar arch feed the toes through metatarsal branches. These branches in turn join with branches from the medial plantar artery to complete the connecting blood supply to the toes.









Peroneal arterial branches


The peroneal artery contribution in the distal lower extremity is primarily to the ankle blood supply (Fig. 1.50). The terminal branches of the peroneal artery join with the lateral malleolar and calcaneal branches of the posterior tibial artery system at the posterior ankle and heel. The peroneal artery usually ends its contribution to the lower extremity at the calcaneus (Fig. 1.51). However, the size and extent of the peroneal arterial system are in inverse proportion to the other arteries of the ankle and foot. Depending on the size and perfusion from the posterior tibial artery and anterior tibial artery systems, the peroneal artery system can be seen expanded to augment the foot and ankle vascular supply.
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Fig. 1.50 The peroneal artery.
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Fig. 1.51 Muscles, arteries, and nerves of leg: deep dissection (posterior view).


(Netter illustration from www.netterimages.com. Copyright Elsevier Inc. All rights reserved.)















Ankle and foot nerve anatomy






Foot cutaneous innervation


The cutaneous innervation of the foot is shared by the superficial peroneal, the deep peroneal, saphenous, sural and tibial terminal branches (medial calcaneal, medial plantar, and lateral plantar) nerves (Figs 1.36 and 1.41). Innervation from the sural, saphenous, deep and superficial peroneal nerves represents the dorsal, medial and lateral surface of the foot and the posterior ankle. Anatomical descriptions are discussed in the leg section, above. The remaining foot innervation is the plantar surface.


The cutaneous sensation of the sole of the foot is primarily the domain of the tibial nerve and its branches – medial calcaneal, medial plantar, and lateral plantar. The other additional nerve supply comes from the sural and saphenous nerves. The proximal, lateral edge of the foot is supplied by branches from the sural nerve – lateral calcaneal nerve; the proximal, medial edge of the foot is supplied by the saphenous nerve (Fig. 1.36).









Foot motor innervation


The motor supply to the intrinsic muscle of the foot comes from the same nerves as the cutaneous innervation and is organized similarly. The dorsal muscles of the extensor hallucis brevis and the extensor digitorum brevis are innervated by the deep peroneal nerve. All the intrinsic muscles of the plantar surface are innervated by the tibial nerve via the medial and lateral plantar nerves.


The medial and lateral plantar nerves follow the course of the corresponding medial and lateral plantar arteries. The medial plantar artery follows an innervation pattern similar to the median nerve. The muscles to the first toe (abductor hallucis, flexor digitorum brevis, flexor hallucis brevis, and first lumbrical) and the medial plantar cutaneous region, including the first through third toes, are supplied by the medial plantar artery. The lateral plantar nerve mirrors the ulnar nerve as it innervates the deep muscles (interossei, second through fourth lumbricals, adductor hallucis, flexor digitorum brevis and flexor digitorum accessorius, and abductor digiti minimi) and the lateral side of the plantar skin, including the fourth and fifth toes.















Conclusion


It is incumbent to surgeons reconstructing the lower extremity to have a proficient knowledge of the relevant areas of operation. The anatomy is dense and complex and we have attempted to provide the reader with a comprehensive (but by no means exhaustive) study of the critical structures. This chapter’s goal is to provide a hopefully valuable resource that be used throughout an entire career to learn, relearn, and review the lower extremity anatomy. With a thorough anatomical knowledge base, the reconstructive options of the following chapters will be easily understood and readers possibly stimulated into developing new reconstructive options themselves.













2 Management of lower extremity trauma
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Synopsis







[image: image] Lower extremity trauma is common, and often associated with other injuries.


[image: image] An Advanced Trauma Life Support (ATLS) approach is required in order to evaluate a patient with lower extremity injuries properly.


[image: image] Initial management includes fracture reduction to reduce bleeding, and appropriate radiologic investigations.


[image: image] External fixation is useful in the temporization of complex fractures until definitive fixation can be achieved.


[image: image] Evidence-based practice with regard to antibiotics, anticoagulation, and timing of reconstruction is recommended.


[image: image] A multidisciplinary approach is required in the acute and rehabilitative phases of a patient with lower extremity trauma.














Introduction


Major injuries are a significant cause of death and disability worldwide. Injuries are among the leading causes of death in the US, with unintentional injuries as the fifth leading cause of death in all ages.1 During the years 1999–2007 unintentional injuries were the leading cause of death for those aged 1–44 years, and the third leading cause of death in those aged 45–54 years.2 In the most recent National Vital Statistics Report (2007), motor vehicle collisions (MVCs) were responsible for 23% of injury-related deaths.3 The World Health Organization ranked MVCs as the ninth leading cause of disability-adjusted life years, and predicted an increase in ranking to third by 2030.4 According to the National Trauma Bank’s Annual Report (2009),5 the greatest number of incidents occur between the ages of 25 and 34 years, with a case-fatality rate of 3.70. The highest case-fatality rate occurred in those >85 years of age (7.72). Males have a higher case fatality rate beyond age 15.


The majority of our trauma systems were designed following experience gained in military combat. This has been further modified and improved with the development of standardized trauma protocols such as those published by ATLS, and the establishment of scoring systems such as the Glasgow Coma Scale (GCS), Injury Severity Scale (ISS), and Trauma and Injury Severity Score (TRISS). Furthermore, scoring systems specific to lower extremity trauma have been developed, and include: the Mangled Extremity Severity Score (MESS), Limb Salvage Index (LSI), Predictive Salvage Index (PSI), the Hanover Fracture Scale-97 (HFS-97), and finally the Nerve injury, Ischemia, Soft-tissue Injury, Skeletal Injury, Shock, and Age of patient score (NISSSA).


The management of a patient with lower extremity trauma involves a multidisciplinary approach. Following the initial provision of emergent trauma care and evaluation by orthopedic and general surgery/vascular surgery colleagues, the plastic surgeon is often involved in the management of extremity coverage and reconstruction of both salvaged and amputated limbs. This is often done in conjunction with orthopedics, thus emphasizing Levin’s concept of the “orthoplastic approach.”6 The current literature is constantly evolving to reflect changes in practice regarding the criteria for limb salvage, timing of reconstruction, and appropriate supportive and adjunctive patient care.









Historical perspective


The evolution of the surgical management of lower extremity trauma has spanned centuries, and during the past century has been significantly influenced by military combat.


In the ancient era, compound fractures were considered a fatal injury and not treated.7 This was prior to the advent of amputation. It was not until the time of Hippocrates (460–370 BC) that amputation was first mentioned; Hippocrates suggested the use of amputation as a “last resort” in the treatment of ischemic gangrene.8 In this circumstance, he recommended that one could “complete” the amputation already underway by cutting through the necrotic region to minimize the risk of hemorrhage and patient discomfort.8


Aurelius Conrelius Celsus (25 BC–50 AD) was the first to address important principles in wound care, including cleaning wounds of extraneous material and properly placing sutures to relieve tension.7 He recommended amputation through viable tissue, and proper shaping of the stump, as well as the use of the “hemostatis ligature.” In the early first century AD, hemostasis was achieved through ligation as well as through cautery using hot irons or boiling oil.


The advent of war brought with it significant advances in the management of wounds and traumatic injuries. Warfare incorporated the use of gunpowder in 1338, and this changed the nature and severity of wounds requiring medical attention.7 Gunpowder was thought to be poisonous, and many attempts to extract it were made, including the use of setons, oil-moistened lint plugs, and the manual extraction of shot or bone splinters.9


It was perhaps the work of Ambroise Paré (1509–1590) that modernized trauma surgery and wound care. His initial enthusiasm for cautery was abandoned when his remedy “olye of Elders scalding hot” became unavailable and he was forced to use an alternative dressing comprised of egg yolk, rose oil, and turpentine, with better results.10 He reserved amputation for gangrenous extremities, but when required, he paid careful attention to the ligation of large blood vessels (following a brief period of permissive bleeding to reduce inflammation), cutting the bone shorter to allow good muscular coverage of the stump, and the use of large sutures.10 He was the first to take care to create a stump amenable to prosthetic fitting (e.g., cutting the tibia five finger-breadths below the knee). He was also involved in the production of several extremity prostheses, as well as the design of a ligation clamp named the crow’s beak (bec de corbin).


It was during the 17th and 18th centuries that the concept of primary and secondary amputation of a traumatic limb came to fruition. This coincided with published work by John Hunter that demonstrated a better understanding of physiology and disease processes such as shock, phlebitis, and pyemia.11 Hunter documented conditions for primary amputation that included massive crush injury, partial amputation, and uncontrolled bleeding. The relevance of wound necrosis and the importance of debridement were established by Pierre-Joseph Desault in the late 18th century.7 One of his trainees, Dominique-Jean Larrey (1766–1842) went on to become Napoleon’s chief surgeon, and further contributed to the development of trauma surgery. It was Larrey who pushed for early (primary) amputation as he observed that the first 24 hours were the only “hours of calm that nature would allow.”12 With this in mind, it was Larrey who formed the “flying ambulance” corps of the French army, promoting the prompt evacuation of wounded soldiers.


Over the next few centuries, several medical advances improved the care of the traumatized lower extremity. In particular, the advent of anesthesia (ether (1846) and chloroform (1847)) allowed the surgeon to focus more on technique rather than on speed. This also allowed for fewer surgical assistants, who had previously been required to hold the patient and stabilize the limb during surgery. Secondly, with the advent of antisepsis and microbiology, surgeons became aware of the concept of infection. Joseph Lister (1827–1912) proposed the treatment of compound fractures using occlusive dressings soaked in carbolic acid.13,14 Initially, many surgeons failed to adopt Lister’s principles in their approach. One exception was the Germans, who later went on to develop stream sterilization, face masks, and sterile operating gowns.7


With the onset of the 20th century, warfare gradually became modernized as experience was gained in the Civil War, followed by the First and Second World Wars. With advances in ballistics, once again the nature of injury evolved and produced mutilation that had not previously been encountered. The medical field responded with advances in bacteriology (i.e., the discovery of sulfa antibiotics, and later on, penicillin), radiology, and the establishment of acute surgical management and resuscitation protocols that included early debridement and volume repletion with saline and blood. The role of amputation was also further debated, with the abandonment of prophylactic limb amputation in cases of compound fractures.7 It was through war that the specialty of plastic surgery gained greater acceptance, as there was a need for the reconstruction of combat injuries.15 Prior to the world wars, reconstruction was primarily aimed at the reconstruction of facial defects. Work by surgical pioneers Sir Harold Gillies and Vilray Blair during the First World War popularized the use of tube flaps and delayed flap transfer.15 Similarly, advances in orthopedic surgery made by Sir Robert Jones and Hugh Thomas popularized their now commonly used splints in the stabilization of lower extremity fractures. In addition, Jones was instrumental in the training of over 400 orthopedic surgeons, and the establishment of rehabilitation medicine.7









Basic science and disease process


The body’s response to trauma is a complex orchestration of inflammatory and immune responses. There is an interplay between those mediators produced at the site of injury (e.g., cytokines, growth factors, nitric oxide, and platelet-activating factors) and the activation of local and systemic polymorphonuclear neutrophils, lymphocytes, and macrophages.16 The changes in hemodynamics, immune and metabolic responses following trauma are largely due to the effects of cytokines. Cytokines act through specific cellular receptors, and activate intracellular signaling pathways that regulate gene transcription.


The amplitude of the inflammatory response is often related to the severity of the injury. In addition to the initial response to the trauma, a secondary response, or secondary hit phenomenon, occurs with further interventions, including surgical management of fractures and reconstruction.17–19 There has been increasing focus on methods of avoiding or decreasing the effect of this second hit.


Those patients who succumb to their injury in the third peak of the trimodal distribution (days to weeks postinjury) may be victims of a hyperactive inflammatory response that leads to systemic inflammatory response syndrome, acute respiratory distress syndrome, and ultimately, multiple-organ failure syndrome.









Diagnosis and patient presentation


Lower extremity trauma is often seen in the setting of polytrauma, emphasizing the need to follow protocols during the assessment and management of these patients. Vigilance to rule out other injury is important, as complex lower-extremity injuries can be a significant form of distracting injury. Death due to trauma is often described as having a trimodal distribution.20 Immediate death is attributed to central nervous system etiologies, including severe brain injury and high spinal cord injury, or major vessel/cardiac injury. Salvage of these patients is rare, emphasizing the need for prevention of such injuries. The second peak occurs within minutes to hours, and deaths are comprised of subdural/epidural hematomas, hemopneumothorax, intra-abdominal major-organ lacerations, pelvic fracture, and hemorrhage from multiple combined injuries. Finally, the third peak occurs within days to weeks, and is due to sepsis or multiple-organ failure, pulmonary embolism, and unrecoverable head injury.


The assessment of the patient with lower extremity trauma starts with triage, to insure that the patient is treated in the appropriate facility capable of managing the injuries. The ultimate goal is to provide timely care (in the “golden hour”) to minimize secondary injury. In patients presenting with lower-extremity injuries associated life-threatening injuries may be present in 10–17%.21 It is therefore paramount to use a protocol-based assessment of the patient such as the ATLS algorithm. Beginning with the primary survey, the airway is maintained or secured while providing cervical spine control, followed by assessment of breathing. Once this is complete, a circulatory exam is carried out, ensuring proper end-organ perfusion and peripheral circulation, as well as control of bleeding. The appropriate monitors are placed, two large-bore intravenous lines are inserted for fluid resuscitation, and a Foley catheter is inserted once a proper rectal/genitourinary screening exam is complete. Any areas of obvious hemorrhage are compressed, and splints or pelvic binders are placed to stabilize orthopedic injuries. Following this, a screening neurological exam is performed to assess the patient’s level of consciousness (Table 2.1), cranial nerve function, presence of lateralizing signs, and peripheral nerve exam, including documentation of motor/sensory levels. If it can be safely done, the neurological exam is especially important to perform prior to analgesia, sedating medications, or intubation. Finally, head-to-toe examination of the patient is done in a manner that exposes the patient while preventing hypothermia. Once the primary survey is complete, a secondary survey is carried out, and appropriate radiologic and laboratory investigations are ordered. These may include, but are not limited to: cervical spine, chest and pelvic X-rays, diagnostic peritoneal lavage, or focused assessment sonograph trauma ultrasound for suspected intra-abdominal injuries; computed tomography (CT) scan or angiography; specific extremity X-rays; and laboratory tests, including hematologic and chemistry profiles, arterial blood gas, cross-match, and toxicology screen.


Table 2.1 Glasgow Coma Scale






	Eye opening

	Spontaneously

	4






	 

	To speech

	3






	 

	To pain

	2






	 

	None

	1






	Verbal response

	Oriented

	5






	 

	Confused

	4






	 

	Inappropriate

	3






	 

	Incomprehensible

	2






	 

	None

	1






	 

	None – intubated

	1T






	Motor response

	Obeys commands

	6






	 

	Localizes to pain

	5






	 

	Withdraws from pain

	4






	 

	Flexion to pain (decorticate)

	3






	 

	Extension to pain (decerebrate)

	2






	 

	None

	1






	Maximum score

	 

	15






	Minimum score

	 

	3
(3T if intubated)







Concerning lower extremity injuries, it is not only important to assess the injury, but also to be aware of its associated complications, including significant bleeding from long-bone injuries, rhabdomyolysis from crush injury, fat embolization, and acute compartment syndrome. In the initial management of these injuries, splinting helps to control blood loss and reduce pain. During the secondary survey, an appropriate history helps determine the mechanism of injury and anticipated degree of injury. The physical examination of the lower extremity includes examination of the skin, neurological status, circulatory status, and skeletal or ligamentous injury. The degree of soft-tissue damage and contamination is important, as these patients will often require prophylactic broad-spectrum antibiotic coverage and tetanus immunization if not up to date (Table 2.2). Neurological examination should include sensory, motor function, and deep tendon reflexes. Assessment of posterior tibial nerve function can be particularly important in guiding decisions regarding limb salvage. Any circulatory compromise suggests possible arterial injury. Initial management should include fracture reduction, and if pulses are still not restored, appropriate angiographic studies should be sought along with consultation of an orthopedic or vascular surgery colleague. Vascular injury should be suspected in cases of active hemorrhage, expanding or pulsatile hematoma, thrill/bruit over wound, absent distal pulses, or distal ischemic manifestations (the five “P’s”: pain, pallor, paralysis, paresthesia, poikilothermy).22 Ischemic time should be estimated for any amputated or vascular-compromised segments. X-rays should be obtained of all areas of suspected injury, including the joint above and below the injury site.




Table 2.2 Tetanus prophylaxis Immunization schedule


[image: image]




Several grading systems exist to classify lower extremity trauma. The systems most commonly used are the Gustilo and the Byrd systems, in which tibial fractures are classified based on the size of the wound, amount of soft-tissue injury, bony injury, and presence of vascular injury (Table 2.3).23,24


Table 2.3 Classification of lower extremity injury






	System

	Grade

	Details






	Gustilo

	I

	



Wound <1 cm


Simple fracture, no comminution












	II

	



Wound >1 cm


Minimal soft-tissue damage


Moderate comminution/contamination












	III

	



Extensive soft-tissue damage, comminuted fracture, unstable












	IIIA

	



Adequate soft-tissue coverage












	IIIB

	



Extensive soft-tissue loss with periosteal stripping and exposed bone












	IIIC

	



Arterial injury requiring repair












	Byrd

	Type I

	



Wound <2 cm


Low-energy causing spiral or oblique fracture pattern.












	Type II

	



Wound >2 cm, contusion of skin/muscle


Moderate-energy force causing comminuted or displaced fracture












	Type III

	



Extensive skin loss and devitalized muscle


High-energy force causing significantly displaced fracture with severe comminution, segmental fracture, or bone defect












	Type IV

	



Degloving or associated vascular injury requiring repair


Extensive energy forces with type III fracture pattern




















Patient selection


When managing the patient with complex lower extremity trauma, it is important to recognize that futile attempts at limb salvage may be associated with physical, mental, social, and financial implications.25 Despite advances in microsurgical reconstruction, bony regeneration, and infection control, many patients undergo a number of surgeries only to have eventual amputation. It is important to try and identify such patients at the outset, and provide the patient with the best option that maximizes function and recovery.






Amputation versus salvage


The establishment of the MESS by Johansen et al. in 1990 was the first effort to produce a set of guidelines that would help a physician to decide between salvage and amputation.26 This score relied on four criteria: (1) skeletal/soft-tissue injury; (2) limb ischemia; (3) shock; and (4) patient age (Table 2.4). A score of 7 or greater was used as the cutoff point in favor of amputation. Unfortunately, even with this tool there was still debate over definitive criteria for amputation, and this led to the recent multicenter study entitled the Lower Extremity Assessment Project (LEAP), carried out at eight level I trauma centers in the US. This study looked prospectively at patients with traumatic amputations of the lower leg, Gustilo III (A–C) injuries, lower leg devascularizing injuries, major soft-tissue injuries of the lower leg, open pilon fractures (grade III) and ankle fractures (grade IIIB), and severe open hindfoot and midfoot injuries with degloving and nerve injury.27 The goal of the study was to define the characteristics of the individuals sustaining lower extremity trauma. A total of 601 patients were enrolled, and the patient demographic was primarily male (77%), Caucasian (72%), and young (71% between 20 and 45 years old). The results demonstrated that the patients who sustained a high degree of extremity trauma had several disadvantages prior to their injury (social, economic, personality), and that quality of life and functional outcome data seemed more related to these than to the injury.


Table 2.4 Mangled Extremity Severity Score (MESS) criteria






	Variable

	Points






	A

	Skeletal/soft-tissue injury

	 






	 

	Low-energy (stab, simple fracture, civilian gunshot wound)

	1






	 

	Medium-energy (open/multiple fractures, dislocation)

	2






	 

	High-energy (close-range shotgun, military gunshot wound, crush)

	3






	 

	Very-high-energy (above + gross contamination)

	4






	B

	
Limb ischemia*


	 






	 

	Pulse reduced or absent; perfusion normal

	1






	 

	Pulseless, paresthesias, diminished capillary refill

	2






	 

	Cool, paralyzed, insensate, numb

	3






	C

	Shock

	 






	 

	Systolic blood pressure always >90 mmHg

	1






	 

	Transient hypotension

	2






	 

	Persistent hypotension

	3






	D

	Age

	 






	 

	<30 years

	1






	 

	30–50 years

	2






	 

	>50 years

	3






	 

	Maximum score possible

	16






	 

	Threshold score for amputation

	7







* Score doubled for ischemia time >6 hours.


A subset of the LEAP studies assessed several available clinical decision-making scores relating to injury severity. These include MESS, LSI, PSI, NISSSA score, and HFS-97. When applying these scores to the open tibial fracture group, MESS, PSI, and LSI demonstrated high specificity (91%, 87%, 97% respectively) but low sensitivity (46% each).28 Specificity is important to insure that a minimal number of salvageable limbs are incorrectly assigned to amputation, and sensitivity is important to guard against delay in amputation for limbs that are not salvageable. Discrimination was moderately good in assessing salvage versus amputation of the limb. Overall, the analysis did not validate the clinical utility of any of the lower extremity injury severity scores, and advised for their cautious application when making decisions regarding limb salvage. Additionally, these scores are not predictive of functional recovery in patients who undergo successful limb reconstruction, as shown by Ly et al.29


Unfortunately, despite a number of studies, there are still no definite criteria for amputation. Several proposed criteria have since been refuted following proper outcome studies. For example, it is a widely held belief that tibial nerve injury or absence of plantar foot sensation is an indication for amputation. However, in a study by Bosse et al.30 examining functional outcomes of patients with severe lower extremity injuries, they found that more than half of the patients who initially presented with an insensate foot that underwent salvage regained sensation by 2 years. The authors concluded that initial plantar sensation was not prognostic of long-term plantar sensation status or functional outcome, and that this should therefore not be a criterion in limb salvage algorithms.


Risk factors that may contribute to or predict the need for amputation include22:




• Gustilo IIIC tibial injuries


• sciatic or tibial nerve injury


• prolonged ischemia (>4–6 hours)/muscle necrosis


• crush or destructive soft-tissue injury


• significant wound contamination


• multiple/severely comminuted fractures; segmental bone loss


• old age or severe comorbidity


• apparent futility of revascularization or failed revascularization.





In addition to these risk factors, several prognostic factors for limb salvage have been identified.22 These include: mechanism of injury, anatomy of injury (e.g., popliteal artery injury has worst prognosis), presence of associated injuries, age and physiologic health of the patient, and clinical presentation (e.g., shock, limb ischemia). The environmental circumstance may also play a role in determining salvage, with higher amputation rates in combat zones, austere environments, and multicasualty events.












Treatment and surgical techniques






Timing of treatment


There is no debate that a patient with complex trauma should undergo thorough irrigation of open fractures and debridement of devitalized tissue. This is considered to be of paramount importance for the prevention of infection. It is commonly taught that the standard of care is to take patients to the operating room within 6 hours of injury.31,32 This timeframe is not supported by evidence, and was recently addressed in a subgroup analysis of the LEAP study. Among those patients who developed major infections, significant factors included bone loss >2 cm and Gustilo-type IIIC fractures. Factors such as degree of nerve/muscle damage, size of skin defect, injury severity score, and surgeon’s assessment of the degree of contamination were nonpredictive of infection. Regarding their treatment, patients who were managed with intramedullary (IM) nail had a lower incidence of infection compared with those who were externally fixated or treated with plate/screw fixation. There was no significant difference in terms of mean time to debridement between patients who developed infection and those who did not. Time from initial debridement to eventual soft-tissue coverage was also not a risk factor for infection. Multivariate regression showed that patients with delayed admission to a primary trauma center (>2 hours postinjury) or delayed transfer from an outside institution to primary trauma center resulted in higher rates of infection.33 It is unclear whether delay in admission to a trauma center was in fact a surrogate marker indicative of a higher degree of injury.


With regard to the timing of reconstruction of lower-extremity trauma, most believe that early reconstruction leads to better outcome. This follows the study by Godina34 in which the timing of microsurgical reconstruction was analyzed with respect to flap failure, infection, bone-healing time, length of hospital stay, and number of operative procedures. This study stratified patients into three groups of repair: (1) within 72 hours; (2) between 72 hours and 3 months; and (3) beyond 3 months postinjury. The study concluded that reconstruction within 72 hours showed the best outcomes for all analyzed factors. Those reconstructed between 72 hours and 3 months postinjury had the highest flap failure rates and highest rates of infection. Those reconstructed beyond 3 months had the longest time to bone healing, and the greatest number of operations (Table 2.5). Criticisms of Godina’s study include the fact that the initial 100 patients in the series were treated in a delayed fashion with average operative times of 6–8 hours, whereas those subsequently treated in an immediate fashion (when microsurgical experience was improved) had shorter operative times.35 Patients were also not randomized to their treatment regimes, had variable reconstruction (i.e., different flap choices), and upper/lower extremity reconstruction outcomes were pooled. There have been several subsequent studies on this topic – and the results have varied from indifference to favoritism of immediate reconstruction.23,35–39 Again, the majority of these have been retrospective reviews, where patients were not randomized to treatment, with nonstandardized reconstructive options.




Table 2.5 Godina’s results on the timing of microsurgical repair


[image: image]




Finally, it is important to recognize that immediate reconstruction is not an option for every patient – and relies on a surgeon capable of performing single-stage debridement and immediate reconstruction, a stable patient without other life-threatening injuries.40 In this case, serial debridement and possibly the use of wound vacuum-assisted closure dressings may be optimal.









Fracture management


The initial orthopedic management of an open lower extremity fracture has traditionally involved external fixation, in an effort to avoid implantation of metal in a contaminated field. Recently, more orthopedic surgeons are choosing to fixate fractures acutely using IM nails, or even plates and screws using a technique called minimally invasive plate osteosynthesis.40 The safety of an unreamed IM nail is thought to be equivalent to external fixation with respect to union, delayed union, deep infection, and chronic osteomyelitis.41 Use of external fixators may be associated with pin tract infection, and may interfere with access for microvascular reconstruction.









Vascular injury


True vascular injury in the setting of lower extremity trauma is rare. Most definitive signs of vascular compromise can be attributed to soft-tissue and bone bleeding, traction of intact arteries with pulse loss (i.e., due to displaced fractures), or compartment syndrome. However, it is prudent to rule out vascular injury, and therefore liberal use of imaging should be carried out in the presence of hard signs. Traditionally, the arteriogram was the gold standard in the diagnosis of vascular injuries. Although it is accurate in diagnosing vascular injury, it has several disadvantages, including cost, duration of procedure, and potential delay to repair, and need for a specialized team to perform it.42 There is also an associated risk of morbidity in the form of contrast allergy and percutaneous vascular access-related complications. The advent of CT angiography (CTA) has helped to provide rapid diagnosis of vascular injury with lower morbidity. It also enables multiple parts of the body to be assessed. CT angiographic signs of arterial injury include active extravasation of contrast material, pseudoaneurysm formation, abrupt narrowing of an artery, loss of opacification of an arterial segment, and arteriovenous fistula formation.42 Studies comparing CTA and conventional angiography have demonstrated a high sensitivity and specificity of CTA for arterial injury that was confirmed with conventional angiography. There is also a significant cost saving – in one institution savings exceeded $13 000 per patient when performing CTA alone.43


There is no doubt that “time is muscle,” and prompt repair of any vascular injury should be carried out. Permanent ischemic injury may occur anywhere from 2 to 12 hours postinjury according to the literature. This wide range may be due to variation in injury mechanism, presence of collateral flow, and level of injury.44 The decision to perform a definitive vascular repair in the setting of lower extremity trauma depends on the clinical circumstances. There are some situations in which the patient is best served with temporary intraluminal shunting following distal thrombectomy and heparinization. These include: unstable fractures, gross contamination of the wound bed, soft-tissue deficits that would lead to an exposed reconstruction/repair, unstable patient, unavailable resources/surgical expertise in vascular repair, and coincident life-threatening injury.22


In combined injuries involving bone and vascular disruption, the operative sequence of repair has been debated. In one systematic review, survival of the extremity was directly related to ischemic time, with a steep increase in incidence beyond 3–4 hours of ischemic time.45 Those favoring immediate vascular repair believe that the reversal of ischemia is most important, whereas those favoring skeletal fixation prior to vascular repair argue that stabilization of the bony fragments first will avoid disruption of a vascular repair during bony manipulation. There have been several reports of fracture fixation following vascular repair, with no disruption of the repair.46–48 A meta-analysis comparing the outcomes of surgical sequence in 14 published studies did not demonstrate a clear difference between groups regarding incidence of subsequent amputation.49









Reconstructive options


In patients with lower extremity trauma, it is important to consider all options for reconstruction, and choose that which is most reliable or will provide the best functional outcome. The reconstructive ladder is often considered, but in major lower extremity trauma where soft-tissue damage is extensive and the zone of injury is wide, local options are often eliminated, emphasizing the need for free flap coverage. When choosing a reconstructive option, consideration is given to the size and location of the defect, functional needs (i.e., innervated flap), zone of injury, proposed location of vascular anastomosis for free flap reconstruction, and accordingly the length of vascular pedicle required to achieve this. Consideration should also be given to the need for future operative interventions (e.g., tendon reconstruction, bony reconstruction), and flap choice should consider ease of re-elevation. Regardless of flap options chosen for reconstruction, adequate debridement of all nonviable tissue is imperative. High-energy trauma can result in significant soft-tissue destruction with a need for extensive debridement of nonviable tissue (Fig. 2.1).





[image: image]

Fig. 2.1 Complex lower extremity wound with significant soft-tissue trauma and devitalization. This wound will require extensive debridement of nonviable skin, muscle, and bone prior to flap coverage in order to prevent infection.




The following is a brief overview of flap options that will be described in more detail in subsequent chapters on lower-extremity reconstruction.






Local flaps


There are a variety of local flap options available in lower-extremity reconstruction. Based on anatomical and angiographic studies, local flaps may be safely performed when based on known perforators. Local flaps are advantageous as they offer a viable reconstructive option with shorter operative times and less complexity.50 They also provide tissue that is similar in composition to the area of the defect. Patients should be screened for comorbidities that would compromise vascular supply of the lower extremity, and have an appropriate vascular exam with or without investigations performed. A number of local flap options are discussed in the following sections on perforator flaps and muscle-based flaps.









Perforator flaps


The lower extremity is an anatomic region rich in vascular perforators available for harvest (Figs 2.2 and 2.3). These have been mapped out in extensive detail through cadaveric injection studies and angiographic investigations. In the gluteal region, the majority of the perforators are musculocutaneous, and arise from the superior and inferior gluteal arteries, with minor contributions from the iliolumbar artery and internal pudendal artery. These are the basis for commonly used gluteal perforator flaps including the superior and inferior gluteal artery perforator flaps.
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Fig. 2.2 Computed tomography angiography of perforators of the thigh demonstrating a rich density of available cutaneous perforators for flap design and harvest.
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Fig. 2.3 Computed tomography angiography of perforators of the leg, demonstrating a rich density of available cutaneous perforators for flap design and harvest.




In the hip and thigh region there are a combination of musculocutaneous and septocutaneous perforators from six source arteries originating from the common femoral artery.51 The anteromedial thigh is supplied by femoral artery perforators and superficial femoral artery perforators that supply the anteromedial thigh perforator flap. The anterolateral thigh (ALT) is primarily supplied by the lateral circumflex femoral artery (ascending, transverse, and descending branches). These perforators supply the tensor fasciae latae perforator flap, and the ALT (Figs 2.4 and 2.5). Just superior to this is the superficial circumflex iliac artery, which provides perforators to the free superficial circumflex iliac artery perforator flap, and contributes to the groin flap. Perforators from the medial circumflex femoral, profunda femoris, and popliteal arteries supply the posteromedial thigh. The posterolateral thigh is supplied by the profunda femoris and inferior gluteal arteries. Inferiorly, the medial and lateral superior genicular arteries supply the region around the knee, and are a source of local perforator flaps in knee reconstruction (Figs 2.6, 2.7).
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Fig. 2.4 Twenty-year-old paraplegic with a trochanteric pressure wound following debridement. There was a lack of available flap options in the posterior and lateral thigh regions, therefore a pedicle anterolateral thigh flap was used for coverage. Ample laxity was found in the anterior thigh region.
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Fig. 2.5 Anterolatoral thigh flap tunneled and inset with primary closure of the donor site.
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Fig. 2.6 Exposed popliteal arterial vein graft used to revascularize the lower extremity following a gunshot wound to the proximal leg. (A) The design of a lateral superior genicular artery pedicle perforator flap with the long axis of the flap designed parallel to the long axis of the thigh. (B) The pedicle perforator flap harvested based on a single lateral superior genicular artery perforator. (C) The perforator following subfascial harvest of the flap. (D) Flap inset with no tension and primary closure of the donor site.
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Fig. 2.7 Computed tomography angiography following lead oxide injection of a single lateral superior genicular artery perforator. Perfusion is seen to extend proximally up to the midthigh region and to the anterior and posterior mid axial lines bilaterally.




Surrounding the knee are musculocutaneous perforators from the femoral artery, as well as several septocutaneous branches including the descending genicular artery, medial/lateral superior genicular arteries, medial/lateral inferior genicular arteries, anterior tibial recurrent artery, and popliteal artery cutaneous branch51 (Figs 2.8–2.10). The saphenous artery is a superficial branch of the descending genicular artery, arising medially with the saphenous nerve and vein, and is the basis of the saphenous perforator flap, which may incorporate the nerve to create an innervated flap. Posteriorly, the sural arteries (medial/lateral) arise from the popliteal trunk, and may be a source of local perforator flap, including the more reliable medial sural artery perforator flap.
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Fig. 2.8 A 54-year-old female with a melanoma in the left posterior knee region.
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Fig. 2.9 The remaining defect following wide local resection was covered with a 15 × 5 cm freestyle pedicle perforator flap designed along the long axis of the leg and distal to the popliteal fossa.
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Fig. 2.10 Two weeks postoperatively with well-perfused flap and stable wound coverage. Minor delayed healing of the donor site went on to heal uneventfully.




Within the leg, perforators arise from the posterior tibial artery, anterior tibial artery, and peroneal artery. The posterior tibial perforator flap incorporates perforators (4–5 on average) arise in the intermuscular septum between the soleus and flexor digitorum longus. The anterior tibial perforator flap is based on perforators that occur in two rows – one from the tibialis anterior muscle or between the tibialis anterior and extensor hallucis longus, and the second from the anteromedial septum between the peroneus tertius and peroneus brevis muscles51 (Fig. 2.11) The peroneal artery perforator flap is comprised of perforators that emerge distally in the posterolateral septum between the peroneus longus and soleus muscles (Figs 2.12–2.15).





[image: image]

[image: image]

[image: image]

[image: image]

Fig. 2.11 (A–D) Lateral malleolus wound covered with an anterior tibial artery pedicle perforator flap, which was rotated 180° (“propeller” flap) to reach the defect.
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Fig. 2.12 Location of all major clusters of perforators from (A) the posterior tibial, (B) anterior tibial, and (C) peroneal arteries. These perforator cluster locations can help in the design and planning of local pedicle perforator flaps in the lower extremity.
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Fig. 2.13 Cadaver dissection of the leg with arterial red latex injection and venous blue latex injection of the posterior tibial artery (PTA) and vein respectively. Perforators of the posterior tibial artery are shown with their associated venae comitantes. Perforators from the PTA are among the largest in the lower extremity and can form the basis for various local pedicle perforator flaps for anterior tibial and lateral coverage in the distal third of the leg.
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Fig. 2.14 Computed tomography angiography of posterior tibial artery and peroneal artery perforators of the leg demonstrating a rich density of available cutaneous perforators for local flap design and harvest.
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Fig. 2.15 Cadaver dissection showing peroneal artery perforators.




In the foot, the terminal branches of the anterior tibial, posterior tibial, and peroneal arteries are another source of perforator flaps. These include the lateral calcaneal artery perforator flap (the terminal branch of the peroneal artery), and medial plantar artery-based perforator flaps (medialis pedis flap, instep flap, abductor hallucis muscle flap) (Fig. 2.16).
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Fig. 2.16 (A) A 4-cm defect with exposure of the Achilles tendon following wound debridement. (B) Harvest of a calcaneal artery flap for Achilles tendon coverage. (C) Achilles coverage and flap inset following transfer.











Muscle-based flaps


In the thigh, a number of local muscles may be used to reconstruct defects. These include the gracilis flap, based on the ascending branch of the medial circumflex femoral artery. As a local flap, this is commonly used to reconstruct the groin, perineum, and ischium. The sartorius flap is based on the superficial femoral artery (type IV vascular supply), may be used to cover groin defects and exposed femoral vessels, and is rarely used as an inferiorly based flap to cover small knee defects. The anterior thigh musculature may provide coverage of the inferior abdomen, groin and perineum, and ischium, and includes the rectus femoris flap (based on profunda femoris artery), the vastus lateralis (descending branch of lateral circumflex femoral artery (LCFA)), and vastus medialis (superficial femoral artery) flaps. Laterally, the tensor fasciae latae flap (ascending branch of LCFA) may be used for similar applications, and may additionally reach the trochanteric region and sacrum for pressure sore reconstruction. Posteriorly, the biceps femoris flap (profunda femoris) is used primarily for pressure sore reconstruction.


In the lower leg, the most commonly used muscular flaps include the gastrocnemius and soleus muscle flaps. The gastrocnemius muscle has medial and lateral heads, based on the medial and lateral sural arteries, respectively. The medial head is most commonly used as it is longer and has better reach. This is used primarily in knee and upper-third leg coverage (Figs 2.17, 2.18). The soleus flap is based on branches from the popliteal artery, posterior tibial artery, and peroneal artery. Distally, segmental branches from the posterior tibial artery allow for a reverse soleus flap. A number of other smaller muscle-based flaps have been described (extensor hallucis longus, flexor hallucis longus, extensor digitorum longus, flexor digitorum longus, peroneus brevis/longus flaps), but these flaps provide minimal bulk and often suboptimal coverage in larger defects.
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Fig. 2.17 (A) Exposed left patellar tendon with soft-tissue defect in a 56-year-old male patient with an underlying knee prosthesis. (B) Posterior approach via a midline incision for harvest of a medial gastrocnemius muscle flap. The posterior and anterior surface of the muscle fascia can be scored to achieve greater length and the muscle origin can also be detached for the same purpose. (C) Wound was debrided and defect covered with a tunneled pedicle medial gastrocnemius muscle flap. Tunnel must be adequately released so that no pressure is exerted on the muscle and its pedicle. (D) Final flap inset and coverage with a split-thickness skin graft.
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Fig. 2.18 (A) Alternatively, an anterior approach can be used to harvest a gastrocnemius flap for knee defects and this avoids any positional changes. Posterior and anterior muscle fascia scoring are also performed in order to maximize muscle length. The tendinous portion of the muscle can also be used to anchor the flap and provide additional well-vascularized tissue. (B) Final flap inset and split-thickness skin grafting with complete wound coverage.




The foot is a source of several small local muscular flaps, including the abductor digiti minimi flap, abductor hallucis flap, and flexor digitorum brevis flap.









Fascial-based flaps




In the thigh, the ALT flap has become a workhorse flap, and is used primarily as a free flap. This flap is based on the descending branch of the LCFA, which arises from the profunda femoris artery. This flap is described as having three cutaneous perforators – A, B, and C – that lie along a line marked from the anterior superior iliac spine to the superolateral patella.52 These perforators may have a septocutaneous course between the vastus lateralis and rectus femoris, or a musculocutaneous course through the vastus lateralis. Dissection may course either suprafascially or subfascially. An extended ALT flap has been described which incorporates distal linking vessels between the LCFA, common femoral, and superficial femoral arteries53 (Figs 2.19–2.22). Additionally, the reverse ALT flap has also been described as a distally based pedicled flap in lower extremity reconstruction.54 Consideration may be given to supercharging this flap through anastomosis of the proximal LCFA to leg donor vessels (e.g., anterior tibial) if vascularity is questionable.55
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Fig. 2.19 Anterolateral thigh flap harvest showing perforators originating from the descending branch of the lateral circumflex femoral artery (DBLCFA). The DBLCFA is seen coursing between the vastus lateralis laterally and the rectus femoris medially. Once the rectus femoris muscle has been dissected and retracted medially all perforators from the DBLCFA become easily visible. The most direct and least intramuscular perforator is then selected for flap harvest.
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Fig. 2.21 A large (extended) anterolateral thigh flap can be harvested based on a single perforator. High arterial filling pressures from the selected perforator allow interperforator flow and increased flap vascular territory.
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Fig. 2.20 Interperforator flow allows communication with multiple adjacent perforators via direct and indirect linking vessels.
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Fig. 2.22 (A–E) Large degloving injury of the left lower extremity with exposure of the medial malleolus, Achilles tendon, calcaneus, and extensor tendons. Following radical debridement, resurfacing was done with an extended anterolateral thigh (ALT) flap. The ALT flap was later liposuctioned for improved contour and the patient was able to wear his normal footwear and ambulate at his preinjury level.




In the leg, the sural artery flap and reverse sural artery flap provide coverage of the knee and calcaneal region, respectively. The sural artery flap is based on a direct cutaneous branch of the sural artery and lesser saphenous vein. The reverse sural artery flap is primarily based on septocutaneous perforators from the peroneal artery, and includes the lesser saphenous vein and median cutaneous sural nerve56 (Fig. 2.23). Venous congestion and partial flap ischemia are complications that can arise in the reverse sural artery flap, and may be overcome through a two-stage delay procedure, or through supercharging it57,58 (Fig. 2.24).
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Fig. 2.23 (A) Left lower extremity defect with exposed Achilles tendon and calcaneus. Sural artery flap designed along a vertical axis centered from midpoint between the lateral malleolus and the Achilles tendon and the midpoint of the popliteal fossa. Maximal peroneal perforator density can be found within 8 cm of the lower transverse line. This location represents the proximal extent of the sural artery flap. The sural artery flap can safely extend three-quarters of the leg proximally. A delay procedure can be considered in patients with advanced age and medical comorbidities (e.g., diabetes) in order to maximize arterial perfusion and venous outflow. (B) Subfascial elevation of the sural artery flap from proximal to distal with early identification of the sural nerve and artery, which are incorporated into the flap. Note that this flap is principally based on peroneal perforators and can alternatively be harvested without sacrifice of the sural nerve. (C) Sural artery flap in situ following elevation and recipient site debridement. (D) Final flap inset without tension. Donor site is closed primarily with the addition of a split-thickness skin graft as needed. Liberal use of skin grafting should be done proximal to the flap base in order to minimize undue pressure on the perforators.
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Fig. 2.24 Two weeks post surgical delay procedure of a sural artery flap in a diabetic 84-year-old patient. This delay procedure allows for a clear demarcation of flap viability. Note the proximal ischemic portion of the flap was discarded prior to definitive flap transfer.











Free tissue transfer – muscle


Larger defects of the lower extremity that require obliteration of dead space often warrant the use of a muscle-based free flap in combination with split-thickness skin graft. Commonly used muscles include the latissimus dorsi (thorocodorsal artery) (Figs 2.25–2.27), rectus abdominis (deep inferior epigastric artery) (Fig. 2.28), serratus anterior (lateral thoracic artery or branch to serratus from thoracodorsal artery), and free gracilis (ascending branch of medial circumflex artery) (Figs 2.29–2.30). For small to moderate defects, muscle-sparing versions of the latissimus dorsi and rectus flaps can also provide an excellent option without sacrificing donor site function.
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Fig. 2.25 (A) Complex left lower extremity defect with a comminuted fracture of the proximal tibia. (B) Defect following radical debridement and conversion of multiple wound units to a simpler single wound unit. (C) Free latissimus dorsi muscle flap harvested to provide coverage of a large surface area. This muscle flap also allows important deep space obliteration in cases involving comminuted fractures with complex three-dimensional wound defects. (D) Circumferential coverage of the lower extremity wound with a latissimus dorsi flap and split-thickness skin graft. Anastomosis was performed to the posterior tibial artery and vein distal to the zone of injury. Vessels distal to the zone of injury have the advantage of being more superficial, which facilitates vessel access and microsurgery.
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Fig. 2.26 (A) Alternatively, for smaller defects of the lower extremity, a free muscle-sparing latissimus dorsi (LD) flap can be used. This flap retains all of the advantages of its full LD counterpart without sacrificing donor muscle function. The muscle-sparing LD flap can be based on either the descending or transverse branch of the thoracodorsal artery and vein. (B) Muscle-sparing latissimus dorsi myocutaneous flap for lower extremity reconstruction. (C) Donor site following free muscle-sparing latissimus dorsi flap harvest. Note preservation of the anterior axillary line and majority of latissimus dorsi muscle.
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Fig. 2.27 (A) Right ankle wound with exposed medial malleolus and soft-tissue defect in a 45-year-old patient. (B) Thin thoracodorsal artery perforator flap harvested for resurfacing a medial ankle defect. (C) Thoracodorsal artery perforator flap donor site with preservation of entire latissimus dorsi muscle. Flap was based on a direct cutaneous branch, which followed the anterior border of the latissimus dorsi muscle. (D) Thoracodorsal artery perforator flap (8 × 20 cm) used to resurface the medial right ankle and malleolus.
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Fig. 2.28 (A) Right medial ankle defect with exposed medial malleolus and tendons. Radical debridement was performed and posterior tibial artery and vein were prepared as recipient vessels. Posterior tibial vessels are our recipient vessels of choice for medial and anteromedial defects. They provide large, dependable vessels that are usually well protected deep from the zone of injury. (B) Coverage of the medial ankle defect with a free muscle-sparing rectus flap. (C) Final inset and coverage with a split-thickness skin graft. Note that the external fixator can be temporarily dismantled for better vascular access and easier microsurgery.
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Fig. 2.29 (A) Dissection of a free gracilis flap with exposure of the medial circumflex femoral artery and venae comitantes. (B) Gracilis free flap inset with sheet split-thickness skin graft. (C) Final postoperative result after 1 year with low-profile contouring of the free gracilis flap. Note that this patient underwent minor debulking of the gracilis muscle at 6 months postoperatively. A dermatome was used for muscle debulking and also for split-thickness skin graft removal. The skin graft was recycled back on to the gracilis flap immediately following muscle shaving in order to avoid another skin graft donor site.
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Fig. 2.30 (A) Exposed extensor tendons, left talus, distal tibia and fibula, with significant dead space. This open joint creates a complex three-dimensional defect, which can be effectively obliterated with an expendable free gracilis flap. (B) Postoperative result after 6 months with good contouring of the anterior ankle and minimal bulk. Denervated muscle atrophies significantly over time and contours well to its recipient site.











Free tissue transfer – fasciocutaneous




One of the most versatile and popular fasciocutaneous free flaps used in lower extremity reconstruction is the ALT. This can be converted into a sensate flap by incorporating the lateral femoral cutaneous nerve, which is useful in distal third and foot reconstruction where sensation is important. This flap is described above. The ALT flap can also be harvested as a thinner adipofascial flap which allows primary donor site closure. This flap variation can be very useful in patients who have an unsuitable ALT donor site due to excessive thickness (Figs 2.31, 2.32).
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Fig. 2.31 (A–C) Right lateral ankle soft-tissue defect and exposed hardware resurfaced with a thinned and neurotized anterolateral thigh flap based on a lateral branch of the femoral cutaneous nerve. The periphery of the flap can also be thinned for better inset and less bulk. We do not recommend aggressive primary thinning of the anterolateral thigh flap and prefer to do this secondarily if necessary. (D) Postoperative results 6 months later with stable right-leg wound coverage and healed donor site.
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Fig. 2.32 (A) Right leg anterolateral soft-tissue defect and exposed extensor tendons in a 9-year-old child following a motor vehicle accident. (B) Design of a contralateral extended anterolateral thigh flap. (C) The anterolateral thigh (ALT) flap was converted into an adipofascial ALT flap in order to minimize bulk and maximize flap size while allowing primary donor site closure. A 25 × 11 cm adipofascial ALT flap was used for reconstruction and permitted entire wound coverage. (D) Adipofascial anterolateral thigh flap inset and coverage with a split-thickness skin graft. The posterior tibial artery and vein were used as reliable recipient vessels.




Other fasciocutaneous flaps used in lower extremity reconstruction include the free radial forearm flap and the anteromedial thigh flap. The free radial forearm flap is based on the radial artery, which runs proximally between the brachioradialis and pronator teres. It can be made sensate through the incorporation of either the lateral or medial antebrachial cutaneous nerves. The anteromedial thigh flap is supplied by a septocutaneous branch of the LCFA, commonly arising between the medial border of the rectus femoris and the sartorius59 (Fig. 2.33). It provides a large skin paddle, with a well-hidden donor site. Additionally, it can be designed as a vascular flowthrough flap for combined soft-tissue/vascular reconstruction.
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Fig. 2.33 A 22-year-old male with exposed tibia following intramedullary nailing of a closed tibia fracture. (A–C) In this case no suitable perforators were found for an anterolateral thigh flap from the right thigh. Therefore dissection was carried medially over the rectus muscle and a large perforator coursing through the rectus femoris was used to harvest an anteromedial thigh flap instead. D Postoperative results 6 months later with stable right-leg wound coverage and healed donor site.











Skeletal reconstruction


Options for bony reconstruction of the lower extremity include autogenous bone graft, vascularized bone transfer, and distraction osteogenesis, including the Ilizarov technique. Autogenous cancellous bone grafts are typically used to fill small defects in bone (Fig. 2.34). While it is possible to bridge larger gaps (8–10 cm) with autogenous bone, it is not the favored approach. In this situation, the use of vascularized bone transfer or distraction techniques may be preferred. The most commonly employed vascularized bone flap is the free fibula flap, based on segmental and nutrient supply from the peroneal artery. Alternative flaps include the iliac crest vascularized bone flap (deep circumflex iliac artery), and the vascularized scapular flap (circumflex scapular artery). Bone flaps will hypertrophy over time, but this occurs over months to a few years. For defects over 10 cm, distraction osteogenesis is considered. This involves the division of cortical bone outside the zone of injury, preserving the medullary bone and blood supply. Pins are applied on either side of the bone ends, and a circumferential external distraction Ilizarov device is applied. Distraction starts 1 week later, with approximately 1 mm distraction carried out daily at the corticotomy sites. The process can take up to 1 year to allow adequate distraction followed by bony consolidation. It can be very arduous, with associated pin site infection and pain.
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Fig. 2.34 Elevation of previous free muscle-sparing rectus muscle to medial distal third of right leg in order to remove methyl methacrylate and place definitive bone graft. Healed muscle flaps can be easily re-elevated during secondary procedures such as bone grafting or hardware removal.











Negative-pressure wound therapy in lower extremity defects


As advances in wound care have evolved over the past decade, there is increasing reliance on their use in the management of complex soft-tissue wounds. In particular, the use of commercially available negative-pressure wound therapy (NPWT) devices is becoming more commonplace. It is thought that NPWT provides edema control and facilitation of wound closure via the application of soft-tissue macrostrain forces, stimulation of fibroblast proliferation and tissue granulation via macrostrain at a cellular level, limitation of destructive wound proteases, facilitation of bacterial clearance from the wound, and limitation of cross-contamination in a hospital environment.60 DeFranzo et al.61 used an NPWT system in 75 patients with exposed tendon, bone, or hardware, excluding those with frank osteomyelitis. All wounds underwent surgical debridement until viable tissues were present in the wound base, prior to the application of the NPWT device. The authors found that granulation tissue was often present by the second dressing change, with a reduction in wound edema and bacterial count. All patients achieved stable wound coverage via delayed primary closure, skin graft, or local flap, with no need for free tissue reconstruction. In their assessment of trends in lower extremity reconstruction, Parrett et al. (2009)50 found that there was a trend down the reconstructive ladder, with a decreasing incidence of free flap reconstruction and more frequent use of NPWT devices. They stated that at their center the NPWT system was used in 50% of open fractures, and most Gustilo grade III tibial fractures, with closure being achieved through delayed primary, secondary, and skin graft methods. This is not only cost-effective, but may result in fewer complications related to long operative reconstructions, postoperative immobilization, and flap-related complications such as necrosis and flap loss. Additionally, the NPWT systems can be used in fasciotomy wounds and incisional edema management.62
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