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PREFACE


Nine years after the publication of the second edition of Bone and Joint Imaging and a few years after the publication of the fourth edition of the larger Diagnosis of Bone and Joint Disorders, the third edition of Bone and Joint Imaging is now ready for dissemination. In common with the first and second editions of this text, the purpose of this book is to present in a logical manner and easy-to-read format the information that we, the authors, believe is essential for those learning musculoskeletal imaging for the first time or for those reviewing the subject one more time. The subject of musculoskeletal imaging is ever changing and constantly growing in scope. Much of this growth relates not to the discovery of new processes or disorders but rather to the development and refinement of advanced imaging methods and techniques. Diagnostic methods now applied routinely to the analysis of musculoskeletal disorders include far more than conventional radiography: CT scanning, MR imaging, ultrasonography, radionuclide studies, and arthrography are among the additional methods that must be mastered by those interpreting images related to bone, joint, and soft tissue disorders. To summarize adequately the many imaging techniques and findings in a text any shorter than this, in our view, would not be appropriate or even possible.


The organization of the text follows that of the previous edition. Basic anatomy and physiology, diagnostic techniques, and postoperative imaging serve as introductory material; this material is then followed by sections dealing with imaging of most of the important diseases that affect the musculoskeletal system. Key images have been selected to illustrate the most important of the imaging findings, and a short but appropriate bibliography is included in each chapter. As before, we have included shortened versions of many chapters written by experts in the field that were part of the larger multivolume textbook. When compared with the second edition, however, there are significant changes in this third edition. Many subjects appear for the first time, countless new and improved illustrations are included, and references are updated. And to do this properly and on time, two editors rather than one have accomplished this task.


Both of us are confident that we have succeeded in condensing the essential material related to musculoskeletal imaging in a manageable textbook. But it is the readers who are the ultimate judge. We are hopeful that whether it is used for consultation on an intermittent basis or read in its entirety, the readers will enjoy the experience and be wiser for it.


Donald Resnick and Mark J. Kransdorf
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CHAPTER 1


Histogenesis, Anatomy, and Physiology of Bone


Donald Resnick, Stavros C. Manolagas and Michael D. Fallon




SUMMARY OF KEY FEATURES


Bone is a unique tissue that is constantly undergoing change. It develops through the processes of endochondral and intramembranous ossification and is subsequently modified and refined by the processes of modeling and remodeling to create a structurally and metabolically competent, highly organized architectural marvel. Its cells, including osteoblasts, osteocytes, and osteoclasts, reside in organic matrix, primarily collagen, and inorganic material is deposited in a form that resembles hydroxyapatite. The process of mineralization is complex and incompletely understood.


Bone is essential in maintaining calcium homeostasis, or stabilization of the plasma level of calcium. Its cells are highly responsive to stimuli provided by a number of humoral agents, the most important of which are parathyroid hormone, thyrocalcitonin, and 1,25-dihydroxyvitamin D. Synthesis and resorption of bone, which normally continue in a delicate balance throughout life, are mediated by the action of such humoral agents through processes that include stimulation of osteoblasts to form bone and stimulation of osteoclasts to remove bone.
















INTRODUCTION


Bone is a remarkable tissue. Although its appearance on radiographs might be misinterpreted as indicating inactivity, bone is constantly undergoing change. This occurs not only in the immature skeleton, in which growth and development are readily apparent, but also in the mature skeleton, through the constant and balanced processes of bone formation and resorption. It is when these processes are modified such that one dominates, that a pathologic state may be created. In some instances, the resulting imbalance between bone formation and resorption is easily detectable on the radiograph. In others, a more subtle imbalance exists that may be identified only at the histologic level.


The initial architecture of bone is characterized by an irregular network of collagen, termed woven-fibered bone, which is a temporary material that is either removed to form a marrow cavity or subsequently replaced by a sheetlike arrangement of osseous tissue, termed parallel-fibered, or lamellar, bone. As a connective tissue, bone is highly specialized and differs from other connective tissue by its rigidity and hardness, which relate primarily to the inorganic salts that are deposited in its matrix. These properties are fundamental to a tissue that must maintain the shape of the human body, protect its vital soft tissues, and allow locomotion by transmitting from one region of the body to another the forces generated by the contractions of various muscles. Bone also serves as a reservoir for ions, principally calcium, that are essential to normal fluid regulation; these ions are made available as a response to stimuli produced by a number of hormones, particularly parathyroid hormone, vitamin D, and calcitonin.















HISTOGENESIS



Developing Bone





Bone develops by the process of intramembranous bone formation (transformation of condensed mesenchymal tissue), endochondral bone formation (indirect conversion of an intermediate cartilage model), or both. At some locations, such as the bones of the cranial vault (frontal and parietal bones, as well as parts of the occipital and temporal bones), the mandible and maxilla, and the mid-portion of the clavicle, intramembranous (mesenchymal) ossification is detected; in other locations, such as the bones of the extremities, the vertebral column, the pelvis, and the base of the skull, both endochondral and intra-membranous ossification can be identified. The actual processes of bone tissue formation are essentially the same in both intramembranous and endochondral ossification and include the following sequence: (1) osteoblasts differentiate from mesenchymal cells; (2) osteoblasts deposit matrix, which is subsequently mineralized; (3) bone is initially deposited as a network of immature (woven) trabeculae, the primary spongiosa; and (4) the primary spongiosa is replaced by secondary bone, removed to form bone marrow, or converted to primary cortical bone by the filling of spaces between trabeculae.








Intramembranous Ossification


Intramembranous ossification is initiated by the proliferation of mesenchymal cells about a network of capillaries. At this site, transformation of the mesenchymal cells is accompanied by the appearance of a meshwork of collagen fibers and amorphous ground substance. The primitive cells proliferate, enlarge, and become arranged in groups, transforming into osteoblasts, which are intimately involved in the formation of an eosinophilic matrix within the collagenous tissue. As the osteoid matrix undergoes calcification with the deposition of calcium phosphate, some of the osteoblasts on the surface of the osteoid and woven-fibered bone become entrapped within the substance of the matrix in a space called a lacuna. These cells, now osteocytes, maintain the integrity of the surrounding matrix and are not directly involved in bone formation. Through the continued transformation of mesenchymal cells into osteoblasts, elaboration of an osteoid matrix, and entrapment of osteoblasts within the matrix, the primitive mesenchyme is converted into osseous tissue.


The ultimate characteristics of the tissue depend on its location within the bone: in cancellous areas of the bone, the meshwork of osseous tissue contains intervening vascular connective tissue, representing the embryonic precursor of the bone marrow; in compact areas of the bone, the osseous tissue becomes more condensed and forms cylindric masses containing a central vascular channel, the haversian system. On the external and internal surfaces of the compact bone, fibrovascular layers develop (periosteum and endosteum) and contain cells that remain osteogenic and give bone its ever-changing quality.














Endochondral Ossification


In endochondral (intracartilaginous) ossification, cartilaginous tissue derived from mesenchyme serves as a template and is replaced with bone (Fig. 1-1). The initial sites of bone formation are called centers of ossification. In tubular bones, the primary center of ossification is located in the central portion of the cartilaginous model, whereas later-appearing centers of ossification (secondary centers) are located at the ends of the models within epiphyses and apophyses. Vascular mesenchymal tissue or perichondrium, whose deeper layers contain cells with osteogenic potential, surrounds the cartilaginous model.
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Figure 1-1 Endochondral and intramembranous ossification in a tubular bone: radius of a 4½-month-old fetus. The large and confluent cartilage cell lacunae are being penetrated by vascular channels (solid arrow), thereby exposing intervening cores of calcified cartilage matrix. The osteoblasts are depositing osseous tissue on these cartilage matrix cores (arrowhead). Observe the subperiosteal bone formation (open arrows).








The initial changes in the primary center of ossification are hypertrophy of cartilage cells, glycogen accumulation, and reduction of intervening matrix. Subsequently, these cells degenerate, die, and become calcified. Simultaneously, the deeper or subperichondrial cells undergo transformation to osteoblasts, and through a process identical to intramembranous ossification, these osteoblasts produce a subperiosteal collar or cuff of bone that encloses the central portions of the cartilaginous tissue. Periosteal tissue is converted into vascular channels, and the aggressive vascular tissue disrupts the lacunae of the cartilage cells and creates spaces that fill with embryonic bone marrow. Osteoblasts appear and transform the sites of degenerating and dying cartilage cells into foci of ossification by laying down osteoid tissue in the cartilage matrix. Osteoblasts become trapped within the developing bone as osteocytes.


From the center of the tubular bone, ossification proceeds toward the ends of the bone. Similarly, the periosteal collar, which is actively participating in intramembranous ossification, spreads toward the ends of the bone, slightly ahead of the band of endochondral ossification. Through a process of subperiosteal deposition of bone, a cortex becomes evident, grows thicker, and is converted into a system with longitudinally arranged compact bone surrounding vascular channels (haversian system). The front of endochondral ossification that is advancing toward the end of the bone becomes better delineated, and it is this plate that ultimately becomes located between the epiphysis and diaphysis of a tubular bone and forms the growth plate (cartilaginous plate or physis). The plate contains clearly demarcated zones: a resting zone of flattened and immature cells on the epiphyseal aspect of the plate, as well as zones of cell growth and hypertrophy and of transformation, with provisional calcification and ossification on the metaphyseal or diaphyseal aspect of the plate.


The size and shape of the most recently formed portion of the metaphysis of a tubular bone depend on the effects of an encircling fibrochondro-osseous structure, designated the periphysis, that consists of the zone of Ranvier, the ring of La Croix, and the bone bark that they produce (Fig. 1-2). In this setting of progressive ossification of the diaphysis with longitudinal spread toward the ends of the bone, characteristic changes appear within the epiphysis. Epiphyseal invasion by vascular channels is followed by the initiation of endochondral bone formation, which creates secondary centers of ossification. The process is again characterized by cartilage cell hypertrophy and death, followed by calcification.
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Figure 1-2 Endochondral and intramembranous ossification in a tubular bone: periphysis and meta-physeal collar. A, In this diagram, observe the periphysis (dashed boxes) and metaphyseal collar and spur. The bone bark is indicated. B, In the distal portion of the radius of a normal infant, note the straight metaphyseal margins (white arrowheads) forming the edges of the metaphyseal collar, in addition to the well-defined bone bark (white arrow) at the medial margin of the ulnar physis.





(From Oestreich AE, Ahmad BS: The periphysis and its effect on the metaphysis. I. Definition and normal radiographic pattern. Skeletal Radiol 21:283, 1992.)





The epiphyseal ossification center at first develops rapidly, although later the process slows. The epiphyseal cartilage is thus converted to bone, although a layer on its articular aspect persists and is destined to become the articular cartilage of the neighboring joint. With continued maturation of both the epiphysis and the diaphysis, the growth plate is thinned further (Figs. 1-3 and 1-4). The growth plate eventually disappears and thereby allows fusion of the epiphyseal and diaphyseal ossification centers, followed by cessation of endochondral bone formation deep to the articular cartilage of the epiphysis and formation of a subchondral bone plate. Although the growth plate has now ceased to function, a band of horizontally oriented trabeculae may persist and mark the previous location of the plate as a transverse radiopaque fusion line. Abnormalities of endochondral ossification in the physis are well recognized in a number of disorders and are fundamental to the diagnosis of rickets (Fig. 1-5A). Transient aberrations of such ossification lead to the development of growth recovery lines (see Fig. 1-5B).
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Figure 1-3 Cartilaginous growth plate in a 16-year-old patient. Observe the bone (arrow) and marrow (arrowhead) of the epiphysis. The areas of the growth plate include a zone of resting cartilage (1), proliferating cartilage (2), maturing cartilage (3), and calcifying cartilage (4) (×86).
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Figure 1-4 Cartilage growth plate and adjacent metaphysis and epiphysis. Note the epiphyseal vein (1) and artery (2), the perichondrial vascular ring (3), the terminal loops of the nutrient artery (4) in the metaphysis, and ongoing endochondral ossification in the physis and epiphysis. (Redrawn from Warwick R, Williams PL [eds]: Gray’s Anatomy, 35th Br ed. Philadelphia, WB Saunders, 1973, p 227.)
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Figure 1-5 Abnormalities in endochondral ossification in the growth plate. A, Rickets. Widening of the physis and irregularity and enlargement of the metaphysis are among the manifestations of this disease. B, Growth recovery lines. Note the multiple wavy, radiodense lines in the metaphyses of the femur and tibia. The configuration of these lines is similar to the shape of the adjacent physis.




















Developing Joint


An articulation eventually appears in the mesenchyme that exists between the developing ends of the bones. In a fibrous joint, the interzonal mesenchyme is modified to form the fibrous tissue that will connect the adjacent bones; in a synchondrosis, it is converted to hyaline cartilage; and in a symphysis, the interzonal mesenchyme is changed to fibrocartilage. In a synovial joint, the central portion of the mesenchyme becomes loosely meshed and is continuous in its periphery with adjacent mesenchyme that is undergoing vascularization (Fig. 1-6). The synovial mesenchyme that is created will later form the synovial membrane, as well as some additional intra-articular structures, whereas the central aspect of the mesenchyme undergoes liquefaction and cavitation and thereby creates the joint space. Condensation of the peripheral mesenchyme leads to joint capsule formation.




[image: image]


Figure 1-6 Development of a synovial joint. Cavitation (arrowhead) within the interzone has created the primitive joint cavity. Condensation at the periphery of the joint (arrow) will lead to capsule formation (×140).




















Modeling and Remodeling of Bone


The term intermediary organization has been used to describe the control and regulation of coordinated cellular events that occur in the living human skeleton. Intermediary organization is dependent on a number of bone cells, such as osteoblasts and osteoclasts, whose activity is linked. Thus, the processes of bone formation and bone resorption are intertwined.








Modeling


It is the process of modeling that significantly alters the shape and form of bone. Modeling, or sculpting, of the skeleton is responsive to the mechanical forces placed on it. This process occurs continuously throughout the growth period at varying rates and involves all bone surfaces. Classic examples of the modeling process are (1) drifting of the midshaft of a tubular bone, (2) flaring of the ends of a tubular bone, and (3) enlargement of the cranial vault and modification of cranial curvature. This form of modeling is a prerequisite to the normal development of tubular bones, ribs, and other osseous structures. It is accomplished by resorption, which dominates in one aspect of a bone, and apposition, which dominates in another. In the long tubular bones of the extremity, resorption is more evident on the side of the bone surface that is nearer the body core, and apposition occurs on the opposite surface.


The flaring that is normally evident in the end of a long tubular bone exemplifies bone modeling (Fig. 1-7). As the bone grows in length, the wide metaphyseal region, a product of the growth plate, is later occupied by a narrow diaphysis, a change that requires close coordination of bone resorption and apposition. Reduction of the metaphysis, with the creation of a metaphyseal funnel, is accomplished by osteoclastic resorption along the periosteal surface, coupled with osteoblastic bone formation in the endosteal surface of the metaphyseal cortex. Subsequently, as the metaphysis migrates shaftward, the marrow cavity is enlarged through the processes of osteoclastic resorption of trabecular bone and endosteal bone resorption, and the overall diameter of the shaft is increased as a result of periosteal bone formation.
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Figure 1-7 Modeling of bone: growth of a tubular bone. Note the changing shape of the epiphyseal ossification center, the altered organization of the growth plate, and the varying zones of bone deposition and resorption (absorption). (From Warwick R, Williams PL [eds]: Gray’s Anatomy, 35th Br ed. Philadelphia, WB Saunders, 1973, p 230.)




















Remodeling


To produce and maintain biomechanically and metabolically competent tissue, transformation of immature, woven-type bone to more compact lamellar bone is required. This process of remodeling is normally most prominent in the young but continues at reduced rates throughout life. The linkage of resorption and formation of bone is very tight; formation follows resorption at the resorption site, not at some other location, and the amount of bone that is formed is almost always nearly equal to the amount that is removed. The remodeling process replaces aged or injured bone tissue with new bone tissue; over time, the repeated strain on skeletal tissue that occurs during ordinary physical activity results in microdamage that, if not repaired, would eventually lead to structural failure.


In the endosteal and periosteal surfaces of the cortex, osteoclastic resorption leads to a tube-shaped tunnel designated a resorption canal. Initially, this tunnel is oriented approximately perpendicular to the surface of the bone and corresponds in position to Volkmann’s canal. Subsequently, the osteoclasts create longitudinally oriented canals and, by first excavating in one direction and then in the opposite direction, liberate the osteocytes from their lacunae and displace the vascular channels; when these events are followed by osteoblastic apposition, cylinders of bone are formed about linear vascular channels, which is the basic component of the haversian system, or osteon. When viewed longitudinally, the mature cortical remodeling unit consists of a cutting zone lined by osteoclasts (Fig. 1-8).
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Figure 1-8 Remodeling of bone: cortical remodeling unit. Top, Diagram shows a longitudinal section through a cortical remodeling unit, with corresponding transverse sections below (1 to 4). A, Multinucleated osteoclasts in Howship’s lacunae advancing longitudinally from right to left and radially to enlarge a resorption cavity; B, perivascular spindle-shaped precursor cells; C, capillary loops; D, mononuclear cells lining reversal zones; E, osteoblasts depositing new bone centripetally; F, flattened cells lining the haversian canal of a complete haversian system. Bottom, Transverse sections at different stages of development: 1, resorption cavities lined with osteoclasts; 2, completed resorption cavities lined by mononuclear cells, the reversal zone; 3, the forming haversian system, or osteons, lined with osteoblasts that had recently formed three lamellae; 4, the completed haversian system with flattened bone cells lining the canal. Osteoid (arrowheads) is present between osteoblast (O) and mineralized bone. G, cement line. (Redrawn from Parfitt AM: The actions of parathyroid hormone on bone: Relation to bone remodeling and turnover, calcium homeostasis, and metabolic bone disease. Part I of IV parts: Mechanisms of calcium transfer between blood and bone and their cellular basis: Morphological and kinetic approaches to bone turnover. Metabolism 25:809, 1976.)








It must be emphasized that bone remodeling is not confined to the immature skeleton but proceeds throughout life and is modified in accordance with alterations in cellular activities. The processes of resorption and formation predominate on bone surfaces. Although trabecular bone represents only 20% to 25% of the total skeletal volume, it contributes more than 60% of the total surface area; conversely, cortical bone is characterized by a relatively small amount of surface area (Table 1-1). Routine radiography, even when supplemented with magnification techniques, is far more sensitive in detecting changes in cortical bone in the form of subperiosteal or endosteal resorption or intracortical “tunneling” than it is in detecting changes in trabecular bone.




TABLE 1-1


Adult Bone Surfaces (Envelopes)












	Surface

	Surface Area (×106 sq mm)










	Cortical surfaces






	 

	Periosteal

	0.5






	Haversian (osteonal)

	3.5






	Corticoendosteal

	0.5






	Trabecular surfaces






	 

	Endosteal

	7






	Total surfaces

	11.5
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From Jee WSS: The skeletal tissues. In Weiss L, Lansing L (eds): Histology. Cell and Tissue Biology, 5th ed. New York, Elsevier, 1983, p 221.






























ANATOMY



General Structure of Bone





Mature bone consists primarily of an outer shell of compact bone termed the cortex, a looser-appearing mesh-work of trabeculae beneath the cortex that represents cancellous or spongy bone, and interconnecting spaces containing myeloid, fatty marrow, or both. Cortical bone is clothed by a periosteal membrane, which contains arterioles and capillaries that pierce the cortex and enter the medullary canal. These vessels, along with larger structures that enter one or more nutrient canals, provide the blood supply to the bone. The periosteum is continuous about the bone, except for a portion that is intra-articular and covered with synovial membrane or cartilage. At sites of attachment to bone, the fibers of tendons and ligaments blend with the periosteum (entheses). The structure of the periosteal membrane varies with a person’s age: it is thicker, vascular, active, and loosely attached in infants and children and thinner, inactive, and more firmly adherent in adults. The periosteal membrane in an immature skeleton contains two relatively well-defined layers, an outer fibrous layer and an inner osteogenic layer, whereas that in a mature skeleton is characterized by a single layer that has resulted from fusion of the fibrous and osteogenic layers. Although a layer that may be identified on the inner surface of the cortex is sometimes called an endosteum to emphasize its similarities with the periosteum, this layer is less well defined than the periosteum and may be involved in significant normal bone formation only in the fetus.


A closer look at the cortex identifies its intricate structure (Fig. 1-9). Spongiosa bone differs in structure from cortical bone. Individual trabeculae in a crosshatched or honeycomb distribution can be identified and divide the marrow space into communicating compartments. The precise distribution, orientation, and size of the individual trabeculae differ from one skeletal site to another, although the trabeculae often appear most numerous and prominent in areas of normal stress, where they align themselves in the direction of physiologic strain.
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Figure 1-9 Features of mature compact and cancellous bone. Note the haversian systems, or osteons, consisting of a central haversian canal surrounded by concentric lamellae of osseous tissue. Osteocytes are identified within lacunae in the lamellae and send out processes through radiating canaliculi. At the bottom of the diagram, note that the orientation of the collagen fibers differs in each lamella. (From Warwick R, Williams RL [eds]: Gray’s Anatomy, 35th Br ed. Philadelphia, WB Saunders, 1973, p 217.)














Cellular Constituents of Bone


Five types of bone cells are found in skeletal tissue: osteoprogenitor cells, osteoblasts, osteocytes, osteoclasts, and bone-lining cells (Fig. 1-10).
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Figure 1-10 Cellular constituents of bone: osteoblasts, osteocytes, and osteoclasts. A, Prominent osteoblasts (arrow) secreting osteoid matrix (O). Note the perinuclear clear zone, which represents the Golgi apparatus. B, Multinucleated osteoclast (arrow) residing in a resorption bay or Howship’s lacuna (HL). Open arrow, osteocyte; T, mineralized trabecular bone (trichrome stain, ×340).
























Osteoprogenitor Cells.


Undifferentiated stromal cells have the capacity to proliferate by mitotic division and develop into osteoblasts, or bone-forming cells. Osteoclasts are derived from a different source, cells of the hematopoietic system.














Osteoblasts.


Osteoblasts are derived from cells that are probably components of the stromal system of bone and marrow. Osteoblasts are intimately involved in the processes of intramembranous and endochondral bone formation. Indeed, any cell that forms bone—whether during growth and modeling, remodeling, or fracture healing—is defined as an osteoblast. The activity of the precursor cells is directly governed by the principle of supply and demand; at times when new bone is required, such as during the healing of a fracture, these cells are called to action in the generation of osteoblasts.














Osteocytes.


Osteocytes arise from preosteoblasts and osteoblasts. Initially present at the surface of the bone, some, but not all, of the osteoblasts subsequently become entrapped within the osseous tissue as osteocytes. Here, the osteocyte lies in a lacuna. They are unable to divide, so only one cell is present in each lacuna. The osteocyte is concerned with proper maintenance of the bone matrix.














Osteoclasts.


Another cell, the osteoclast, is a multinucleated cell (2 to 100 nuclei) with a short life span that is intimately related to the process of bone resorption. The origin of the osteoclast has been investigated, and it now appears to be a product of one of the cell lines of the hematopoietic system and is derived from a hematopoietic stem cell (monocyte-phagocyte line).














Bone-Lining Cells.


The precise nature of the commonly identified flat, elongated cells with spindle-shaped nuclei that line the surface of the bone is not clear, although they are generally believed to be derived from osteoblasts that have become inactive. Lining cells communicate with the syncytium of osteocytes, and although their function is also unknown, it may include maintenance of mineral homeostasis, control of the growth of bone crystals, or the ability to differentiate into other cells, such as osteoblasts.
































Noncellular Constituents of Bone


Water is responsible for about 20% of the wet weight of bone tissue. The major cellular components—osteoblasts, osteocytes, and osteoclasts—account for a very small fraction of the total weight of bone. The other constituents of bone include the remaining organic matrix (collagen and mucopolysaccharides), which accounts for approximately 20% to 30% of osseous tissue by dry weight, and inorganic material, which accounts for approximately 70% to 80% of osseous tissue by dry weight. It is these constituents, in physiologic amounts, that create bone tissue that is both dynamic and uniquely capable of providing the support the body requires.


















Organic Matrix.


The organic matrix of bone, which surrounds the cellular components, is composed primarily of protein, glycoprotein, and polysaccharide. Collagen (type I) is the major constituent (90%) of the organic matrix of bone; the collagen is embedded in a gelatinous mucopolysaccharide material (ground substance). Although mucopolysac-charides represent a minor quantitative part of the structure of osseous tissue, they appear to be very important in the process of bone matrix maturation and mineralization.














Inorganic Mineral.


The inorganic mineral of bone exists in a crystalline form that resembles hydroxyapatite—3Ca(PO4)2 • Ca(OH)2; this mineral is distributed regularly along the length of the collagen fibers and is surrounded by ground substance.
































Bone Marrow


Bone marrow is a soft, pulpy tissue that lies in the spaces between the trabeculae of all bones and even in the larger haversian canals. It is one of the most extensive organs of the human body. Its functions include the provision of a continual supply of red cells, white cells, and platelets to meet the body’s demand for oxygenation, immunity, and coagulation. A complex vascular supply relies mainly on a nutrient artery that, in the long tubular bones, pierces the diaphyseal cortex at an angle and extends toward the ends of the tubular bone by running parallel to its long axis. Branches from the nutrient artery enter the endosteal surface of the cortex as capillaries and eventually form primary and collecting sinusoids in an extensive, anasto-mosing complex among the fat cells of the marrow.








Marrow Composition


The basic composition of bone marrow consists of mineralized osseous matrix, connective tissue, and a variety of cells. As described previously, the trabeculae in the medullary space represent the osseous component of the bone marrow. The marrow itself occupies the spaces between and around the plates and struts of trabecular (cancellous or spongy) bone, and it is held in place by a network of fine fibrous tissue called a reticulum. The cancellous trabeculae provide architectural support and serve as a mineral depot. The interface between marrow and trabecular bone, the endosteal envelope, is very active metabolically and has a complement of cells, such as osteoblasts and osteoclasts, that are extremely sensitive to metabolic stimuli.


The cells of the marrow consist of all stages of erythro-cytic and leukocytic development, as well as fat cells and reticulum cells. Under homeostatic conditions, the production rate of hematopoietic cells precisely equals the destruction rate. The average life span of a human red cell is approximately 120 days, and that of a platelet is 7 to 10 days; the life span of leukocytes is more variable, being relatively short for granulocytes (6 to 12 hours) and long for lymphocytes (months or even years). Fat cells are also a major component of bone marrow. Although smaller than fat cells from extramedullary sites, marrow fat cells are active metabolically and respond to hematopoietic activity by changes in size. During periods of decreased hematopoiesis, the fat cells in bone marrow increase in size and number, whereas during increased hematopoiesis, the fat cells atrophy.


Two forms of bone marrow are encountered, although at any given anatomic site an admixture of the two forms often exists. Red marrow is hematopoietically active marrow and consists of approximately 40% water, 40% fat, and 20% protein; yellow marrow is hematopoietically inactive and consists of approximately 15% water, 80% fat, and 5% protein.














Marrow Conversion


The amount of red marrow versus yellow marrow at any given time is dependent on the age of the person, the site that is being sampled, and the health of the individual. At birth, red marrow is present throughout the skeleton, but with increasing age, because of the normal conversion process of hematopoietic to fatty marrow, the proportion of hematopoietic marrow decreases. Fatty marrow represents approximately 15% of the total marrow volume in a child but accounts for 60% of this volume by age 80 years. The conversion of red to yellow marrow that occurs during growth and development is predictable and orderly (Fig. 1-11). This replacement commences earlier and is more advanced in the more distal bones of the extremities; further, in each bone, the conversion to yellow marrow proceeds from the distal to the proximal end, although some authors maintain that it commences in the center of the shaft and extends in both directions, but more rapidly in the distal segment. Cartilaginous epiphyses and apophyses lack marrow until they ossify. By the age of 20 to 25 years, marrow conversion is usually complete. At this time, the adult pattern is characterized by the presence of red marrow only in portions of the vertebrae, sternum, ribs, clavicles, scapulae, skull, and innominate bones and in the metaphyses of the femora and humeri. Minor variations in this distribution, however, are encountered.
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Figure 1-11 Marrow conversion: long tubular bones (femur). The distribution of red marrow (black) and yellow marrow (white) in the femur is shown at birth (A) and at the ages of 5 years (B), 10 years (C), 15 years (D), 20 years (E), and 24 years (F). The stippled area in (A) represents cartilage. (From Moore SG, Dawson KL: Red and yellow marrow in the femur: Age-related changes in appearance at MR imaging. Radiology 175:219, 1990.)








Although the visualized patterns of signal intensity do not precisely correspond to anatomic sites of red and yellow marrow, magnetic resonance imaging is an effective, albeit indirect, means of determining the cellular characteristics of bone marrow. Composed predominantly of fat, yellow marrow displays the T1 and T2 relaxation patterns of adipose tissue; containing considerable amounts of water and protein, as well as fat, red marrow has T1 and T2 relaxation patterns that differ from those of fatty marrow. Although the major contributor to signal intensity for both types of marrow is fat, on standard T1-weighted spin echo sequences, red marrow demonstrates lower signal intensity than yellow marrow does. Normal age-related conversion of red to yellow marrow in the vertebral bodies and femora is illustrated in Figures 1-12 and 1-13, underscoring the variability of magnetic resonance imaging findings that characterize the normal, orderly process of conversion from hematopoietic to fatty marrow.
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Figure 1-12 Marrow conversion: vertebral bodies. Appearance on T1-weighted spin echo magnetic resonance images. Four patterns are observed. A, Pattern 1 is characterized by the presence of high-signal-intensity fatty marrow confined to linear areas along the basivertebral vein. B, Pattern 2 is characterized by bandlike and triangular areas of fatty marrow in a peripheral location. C, Pattern 3 is characterized by multiple small regions of high-signal-intensity fatty marrow. D, Pattern 4 is characterized by multiple large regions of fatty marrow. Pattern 1 is common in all regions of the spine in the first 2 or 3 decades of life, and patterns 2, 3, and 4 become more dominant after age 30 or 40 years, particularly in the thoracic and lumbar regions. (From Ricci C, Cova M, Kang YS, et al: Normal age-related patterns of cellular and fatty bone marrow distribution in the axial skeleton: MR imaging study. Radiology 177:83, 1990.)
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Figure 1-13 Marrow conversion: proximal portion of the femur. Appearance on T1-weighted spin echo magnetic resonance images. Four patterns are observed. A, Pattern 1 is characterized by high-signal-intensity fatty marrow confined to the capital femoral epiphysis and greater and lesser trochanters. B, Pattern 2 resembles pattern 1, with the addition of fatty marrow in the medial portion of the femoral head and in the lateral portion of the intertrochanteric region. C, Pattern 3 resembles pattern 1, with the addition of many small, sometimes confluent areas of fatty marrow in the intertrochanteric region. D, Pattern 4 is characterized by uniform high-signal-intensity fatty marrow throughout the proximal portion of the femur, with the exception of the regions of the major trabecular groups. Patterns 1 and 2 predominate in the first 3 decades of life, pattern 3 predominates in the fifth and sometimes the fourth decades of life, and pattern 4 predominates after age 50 or 60 years. (From Ricci C, Cova M, Kang YS, et al: Normal age-related patterns of cellular and fatty bone marrow distribution in the axial skeleton: MR imaging study. Radiology 177:83, 1990.)








When the body’s demand for hematopoiesis increases, yellow marrow is reconverted to red marrow. The extent of reconversion depends on the severity and duration of the stimulus, and the process may be initiated or modulated by such factors as temperature, low oxygen tension, hemoglobin blood level, and elevated levels of erythro-poietin. The process of reconversion follows that of conversion, but in reverse. Initial changes occur in the axial skeleton and thereafter from a proximal to distal direction in the extremities.



























PHYSIOLOGY



Mineralization of Bone





At present, no unified concept exists for the mechanism of bone mineralization. The process of biologic calcification, in which hydroxyapatite or some similar material is deposited within an organic matrix, is complex. The ions essential to formation of the crystalline unit in bone are calcium (Ca2+) and phosphate (PO34−). Initial inter-pretations of the calcification process emphasized precipitation dynamics in which the unique milieu of the organic matrix of bone provided the specific conditions required for the deposition of these ions.








Calcium Homeostasis


The skeleton contains 99% of the body’s calcium and serves as the essential reservoir for the maintenance of stable plasma levels of calcium. Approximately 70% of plasma calcium is believed to be maintained by a continuous exchange of calcium ions between bone tissue and the extracellular fluid; this interchange occurs between the hydroxyapatite crystals of all bone surfaces and proceeds independently of any change in bone volume (i.e., formation and resorption). Hypocalcemia stimulates the release of calcium ions from the bone mineral into the extra-cellular fluid, and conversely, hypercalcemia promotes an inward flux of calcium ions from the extracellular fluid to the bone mineral. Maintenance of the remaining 30% of plasma calcium may be mediated by the actions of parathyroid hormone and other hormones.














Bone Resorption and Formation


The processes of resorption and formation occur continuously in normal bone. These processes are prominent in an immature skeleton, in which modeling leads to the major changes in bone size and shape that are required for normal osseous growth and development; in a mature skeleton, these processes are less evident but nonetheless essential for the maintenance of biomechanically competent tissue and calcium homeostasis.


As indicated previously, resorption and apposition dominate on the bone surfaces present in the cortex and spongiosa. Four broad surface areas exist in the skeleton, each of which is functionally distinct (Fig. 1-14). These areas are often referred to as envelopes. The first of these areas, related to the outer surface of the cortex, is the periosteal envelope (or periosteum), which consists of an outer sheath of fibrous connective tissue and an inner, or cambrian, layer of undifferentiated cells. These two distinct histologic layers are not present everywhere; they are absent in intra-articular locations such as the femoral neck, at entheses or sites of tendinous and ligamentous attachments to bone, and about the sesamoid bones. The second of the envelopes, the haversian envelope, lies within the bone cortex and surrounds the individual haversian systems. The corticoendosteal envelope relates to the inner surface of the bone cortex and is therefore the outermost boundary of the medullary bone. It is interrupted at sites where the trabeculae of the medullary cavity are connected to the cortex. This envelope functions primarily as a bone resorptive surface, and it accounts for the general thinning of the cortex that occurs with advancing age in adults. The fourth envelope is the endosteal envelope, which represents the interface of medullary bone and marrow. As indicated previously, this envelope is characterized by a very large surface area and is primarily a bone-losing envelope.
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Figure 1-14 Bone resorption and formation: available bone envelopes. Transverse sections of the metaphysis (A) and diaphysis (B) of a tubular bone reveal the osseous envelopes involved in the processes of resorption and apposition. In the cortex, they are the periosteal (1), haversian or osteonal (2), and corticoen-dosteal (3) envelopes; in the spongiosa, an endosteal or transitional (4) envelope is present.








Thus, at any particular time, such surfaces may normally be quiescent or, less commonly, actively involved in the synthesis or resorption of bone. Their cellular composition varies according to their functional state. It is the coupling of bone resorption to bone formation that controls the volume of bone that is present at any particular time. It appears likely that the mechanisms responsible for coupling are intrinsic to bone and that an increase in bone resorption must subsequently be coupled to an increase in bone formation if bone volume is to remain unchanged.








Bone Resorption


Although it has long been held that the osteoclast is the principal cell involved in the degradation of organic bone matrix and in the release of bone mineral, a potential (albeit controversial) role for the osteocyte in removing at least a small amount of perilacunar bone has also been emphasized, and accumulating evidence indicates that mononuclear phagocytes, including peripheral blood monocytes and tissue macrophages, are involved in bone resorption. Surfaces of bone involved in extensive resorption are sites of accumulation of multinucleated osteoclasts. The finely striated (brush) border of the osteoclast is in contact with the adjacent bone and is in a state of vigorous movement.


Osteoclasts play an active role in the resorption of bone; however, the precise mechanism of the process, including the participation of other cells, is not clear. Osteoclasts appear to be the major cells responsible for the skeletal contribution to regulating the serum concentration of calcium; all the agents that have been shown to increase the serum calcium concentration in vivo have also been shown to increase osteoclastic activity, and the hormones and drugs that lower this concentration have been shown to inhibit osteoclastic activity. Among the substances capable of directly or indirectly stimulating existing osteoclasts, increasing the formation of new osteoclasts, or both are parathyroid hormone, active metabolites of vitamin D, prostaglandin E2, thyroid hormone, heparin, and interleukin-1; among those substances inhibiting resorption are calcitonin, glucocorticoid, diphosphonates, glucagon, phosphate, and carbonic anhydrase inhibitors. Osteoclastic resorption plays a major role in the pathogenesis of a variety of skeletal disorders, including metabolic processes such as osteoporosis, neoplastic and inflammatory conditions accompanied by bone lysis, Paget’s disease, and osteopetrosis.














Bone Formation


The principal cell involved in the formation of bone is the osteoblast. Osteoblasts are derived from mesenchymal osteoprogenitor cells, or preosteoblasts; they are involved in the synthesis of bone matrix and subsequently become either internal osteocytes or inactive bone-lining cells. New bone formation may result from the activation of bone-lining cells, the proliferation and differentiation of preosteoblasts, or both.


The formation of bone occurs in two phases: matrix formation and mineralization. Matrix formation precedes mineralization and occurs at the interface between osteo-blasts and existing osteoid; mineralization occurs at the junction of osteoid and newly mineralized bone, a region designated the mineralization front. The layer of unmineralized matrix is termed the osteoid seam. In adults, the usual interval between matrix production and mineralization is 10 days. In certain disease states, such as osteo-malacia, the thickness of the osteoid seam is increased.




















Humoral Regulation of Bone Metabolism


Bone metabolism and calcium homeostasis are intimately related to interactions among the skeleton, intestines, and kidneys, and they are involved in the presence of many chemical factors, of which three hormones—parathyroid hormone, calcitonin, and 1,25-dihydroxyvitamin D— are most important.


















Parathyroid Hormone.


An important regulator of skeletal metabolism is parathyroid hormone, the two main functions of which are to stimulate and control the rate of bone remodeling and to influence mechanisms controlling the plasma level of calcium. This hormone is produced by the chief cells of the four parathyroid glands. It has a direct effect on bone (enhancing the mobilization of calcium from the skeleton) and on the kidney (stimulating the absorption of calcium from the glomerular fluid) and has an indirect effect on the intestines (influencing the rate of calcium absorption).


The direct effect of parathyroid hormone on bone (Fig. 1-15) may be either bone resorption or bone formation. An immediate action of parathyroid hormone is to promote the process of osteoclastic resorption, which is fundamental to calcium homeostasis; more prolonged effects of parathyroid hormone are influential on bone remodeling. Thus, at the cellular level, parathyroid hormone influences osteoclasts, osteoblasts, osteocytes, and bone surface cells. A significant increase in the number of osteoclasts and in the ratio of osteoclasts to osteoblasts may occur within hours after administration of the hormone. Osteoblast function is decreased initially; however, subsequent stimulation of osteoblasts results in an increase in bone formation.




[image: image]


Figure 1-15 Osseous effects of parathyroid hormone: hyper-parathyroidism. Magnification radiographs of the phalanges in a normal person (A) and in a patient with hyperparathyroidism (B) reveal the effects of parathyroid hormone on bone. In (B), note the osteopenia, indistinct trabeculae, and prominent sub-periosteal bone resorption.




















Calcitonin.


Calcitonin is released from the thyroid gland, and secretion of calcitonin is controlled by the circulating levels of calcium. Calcitonin inhibits bone resorption and may lead to significant hypocalcemia and hypophos-phatemia. Data also indicate that calcitonin has a stimulatory effect on bone growth in vivo. The importance of calcitonin as a regulator of calcium metabolism in humans, however, is not clear at present.














Vitamin D.


Vitamin D is one of the most potent humoral factors involved in the regulation of bone metabolism. The biochemistry and mechanisms of action are described in detail in Chapter 42. The general term vitamin D refers to both vitamin D2 (ergocalciferol), which originates in plants and is obtained from dietary sources, and vitamin D3 (cholecalciferol), which occurs naturally in the skin. In humans, these two forms of vitamin D have similar potency, so considering them separately has little, if any, clinical significance. The classic biologic role of vitamin D is regulation of intestinal mineral absorption and maintenance of skeletal growth and mineralization. It is now widely accepted that these functions are mediated through the actions of 1,25-dihydroxyvitamin D (1,25[OH]2D) on the intestine, bone, and kidney.


Additionally, accumulating evidence based on in vitro observations indicates that 1,25(OH)2D has important regulatory effects on blood mononuclear cells and on the immune system. There is also some evidence that 1,25(OH)2D plays a significant role in the intrathymic differentiation of lymphocytes. The clinical relevance of these experimental data regarding the immunoregulatory role of 1,25(OH)2D is not known.

































Metabolic Bone Disorders



Histologic Techniques





Because differentiation of the two major metabolic bone diseases, osteoporosis and osteomalacia, is based in part on the quantity and quality of bone mineral, the ability to distinguish between calcified and uncalcified bone matrix (osteoid) is critical. The traditional procedures for processing bone require the removal of inorganic matrix to facilitate histologic sectioning; therefore, these procedures prevent subsequent determination of the degree of skeletal mineralization. Because of deficiencies in traditional histologic techniques, additional methods have been used, including qualitative and quantitative microscopic assessment of nondecalcified specimens and the use of in vivo bone markers such as tetracycline. Typically, the iliac crest is used as the biopsy site from which nondecalcified tissue sections are prepared.


In nondecalcified bone sections, osteomalacia is usually characterized by the accumulation of osteoid as a consequence of a defect in the mineralization process. Excess quantities of osteoid, however, may result not only from a decreased rate of mineralization but also from an accelerated rate of bone matrix synthesis. Differentiation between these states is based on a determination of mineralization rates, with tetracycline used as an in vivo bone marker (Table 1-2). Tetracycline fluorescence is evaluated on unstained, nondecalcified tissue sections by ultraviolet light. The first course of tetracycline appears as a discrete fluorescent band within the mineralized bone. The second, more recently administered course of tetracycline is located at the current mineralization front (i.e., mineralized bone–osteoid seam interface). The distance between the two bands represents the amount of new bone synthesized and mineralized over the drug-free interval.




TABLE 1-2


Tetracycline-Labeling Regimen for Bone Biopsy








	Day

	Regimen










	1, 2, 3

	Tetracycline hydrochloride, 250 mg orally four times daily or 500 mg orally twice daily*†







	4–17

	Hiatus (no tetracycline)‡







	18, 19, 20

	Tetracycline hydrochloride, 250 mg orally four times daily or 500 mg orally twice daily†







	24

	Bone biopsy§










*Tetracycline is given 1 hour before or 2 hours after meals. A larger dose is used if malabsorption or severe osteomalacia is suspected; up to 3 g/day may be necessary for patients after intestinal bypass.If the patient has recently received tetracycline hydrochloride, the use of oxytetracycline or demeclocycline in equivalent doses may help distinguish the new tetracycline bone labels from the old because of differences in the fluorescent color produced by the different tetracyclines.


†Avoid all dairy products,antacids,and iron-containing medicines on days 1, 2, 3, 18, 19, and 20.


‡An interval of at least 10 days is required between the two courses of tetracycline.


§Biopsy may be performed several days later, but not sooner.











Normal and Abnormal Histologic Appearance


Normally, the contour of the external cortical margins is smooth. Subperiosteal osteoid deposits, as well as eroded surfaces containing osteoclasts, are normally absent. Subperiosteal bone resorption is evidence of activation of osteoclasts and is seen in states of high bone turnover or accelerated remodeling, such as in hyperparathyroidism.


Loss of cortical bone mass is suggested when cortical thickness is reduced. Activation of osteoclasts leads to increased resorption of bone, thereby enlarging the pre-existing vascular canals. Resorption of bone in the longitudinally oriented canals results in the formation of cavities termed cutting cones. The junction between cortical and medullary trabecular bone, which is normally sharply demarcated, is termed the endosteum. Loss of distinction between the cortex and the medullary cavity occurs with increasing cortical porosity as a result of increased cortical osteoclastic resorptive activity, as is seen in severe hyperparathyroidism. Endosteal resorption cavities increase in number and depth until the previously solid cortical bone becomes whittled into what appears to be new, thick trabeculae, a process referred to as cancellization or trabecularization of cortical bone (Fig. 1-16). The total amount and quality of trabecular bone located between the two cortices reflect the weight-bearing properties of the skeleton. Usually, trabecular bone occupies 15% to 25% of the marrow space. A trabecular bone volume below 15% is histologic evidence of osteopenia. Normally, the individual trabeculae are continuous inter-connecting or branching bands; atrophic trabeculae appear as struts, bars, or blots (Fig. 1-17), indicating a reduction in mean trabecular plate density.
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Figure 1-16 Cortical bone (C) of an iliac crest biopsy specimen undergoing remodeling. Osteoclasts within cutting cones (CC) resorb endosteal bone, resulting in cortical cancellization (i.e., the formation of cancellous trabecular bone from preexisting cortical bone). A reduction in cortical width ultimately occurs. H, Normal haversian canal before activation (trichrome stain, ×25).
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Figure 1-17 Normal and abnormal trabecular bone architecture. A, Low-power view of an iliac crest biopsy specimen. Cortical thickness is reduced as a result of progressive erosion by cortical cutting cones (CC). Trabecular bone (T), however, exhibits a normal, platelike, connecting architectural pattern (trichrome stain, ×25). B, Reduction in trabecular bone (T) volume. Not only is the volume of bone reduced, but the architecture of trabecular bone is also abnormal because of the presence of thin, widely spaced, atrophic rods of bone (trichrome stain, ×25).








Decalcified sections taken from the bone core should be examined under polarized light for evidence of woven collagen architecture. Woven bone in a transiliac crest specimen is an abnormal finding in an adult patient and reflects accelerated skeletal turnover. Abnormal patterns of fluorescent label deposition are the hallmark of osteo-malacia and represent the morphologic expression of defective mineralization. The amount of tetracycline fluorescence is proportional to the amount of immature amorphous calcium phosphate deposits in the mineralizing foci of the osteoid seam.


The location and extent of bone removal and deposition determine the physical anatomy of the skeleton and the physiologic status of mineral metabolism. Bone remodeling activity is influenced by physical forces, serum levels of endocrine hormones, and nutritional and metabolic factors. Normally, bone resorption and formation are in balance. A net loss of bone tissue may occur from excessive bone resorption, deficient bone formation, or a combination of both processes during the coupling process. Bone diseases resulting from an abnormality of remodeling activity are characterized by failure of the skeleton to provide structural support, generally secondary to a deficiency in skeletal mass. When the bone mass can no longer sustain normal forces, a fracture may ensue and cause pain and deformity. A metabolic bone disease is defined as any generalized disorder of the skeleton, regardless of cause; most metabolic bone diseases result from either an imbalance in remodeling activity or a disorder of matrix mineralization.


Osteopenia refers to a generalized reduction in bone mass that, on radiographic examination, appears as an exaggerated radiolucency of the skeleton. Osteoporosis and osteomalacia are the two major causes of osteopenia. Histologically, osteoporotic diseases may be accompanied by either increased or decreased rates of bone turnover. Osteomalacic syndromes are characterized by histologic evidence of defective mineralization (Table 1-3). High bone turnover diseases (Table 1-4) are characterized by evidence of both increased formation and increased resorption of bone. States associated with reduced bone turnover (see Table 1-4) show little evidence of either bone formation or bone resorption. Osteomalacia is usually characterized by excessive quantities of osteoid caused by failure of matrix calcification despite continued matrix synthesis by osteoblasts. Marked increases in the thickness of osteoid seams are characteristic, but osteo-malacia may be associated with normal or even reduced quantities of osteoid.




TABLE 1-3


General Morphologic Classification of Metabolic Bone Diseases










	



Osteoporosis




High remodeling: active bone turnover


Low remodeling: inactive bone turnover





Osteomalacia




Low remodeling: pure osteomalacia


High remodeling: mixed osteomalacia and osteitis fibrosa cystica
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TABLE 1-4


Bone Morphology Associated with Specific Metabolic Diseases










	



Increased Bone Remodeling Activity (Accelerated Turnover Osteoporosis)




Anticonvulsant drug related


Calcium deficiency states, chronic (secondary hyperparathyroidism)


Small intestinal disease (early, compensated mineral malabsorption)


Postgastrectomy (mineral malabsorption)


Some forms of postmenopausal or senile osteoporosis


Erythroid hyperplasia


Hemochromatosis


Hyperparathyroidism


Hyperthyroidism


Osteoporosis of young men


Mastocytosis





Decreased Bone Remodeling Activity (Reduced Turnover Osteoporosis)




Glucocorticoid associated


Hepatic disease




Alcohol related


Cholestatic





Hypothyroidism


Severe systemic disease


Starvation, malnutrition


Some forms of postmenopausal or senile osteoporosis


Total parenteral nutrition (hyperalimentation)





Osteomalacia (Pure)




X-linked hypophosphatemia (vitamin D-resistant rickets)


Sporadic hypophosphatemia


Antacid-induced osteomalacia


Oncogenic osteomalacia


Primary vitamin D deficiency


Chronic pancreatitis


Chronic extrahepatic obstruction


Metabolic acidosis


Renal osteodystrophy (aluminium-associated osteomalacia)





Osteomalacia (Mixed Osteomalacia and Osteitis Fibrosa Cystica)




Primary vitamin D deficiency (nutritional, lack of exposure to sunlight)


Small intestinal disease (vitamin D and calcium malabsorption)


Postgastrectomy (vitamin D and calcium malabsorption)


Renal osteodystrophy (mixed)


Calcium deficiency of children


Vitamin D-dependent rickets
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CHAPTER 2


Articular Anatomy and Histology




SUMMARY OF KEY FEATURES


An understanding of the structure of joints is essential to the proper interpretation of radiographs in numerous diseases. Joints can be classified into three types: fibrous, cartilaginous, and synovial. In addition, supporting structures (tendons, aponeuroses, fasciae, and ligaments) influence the manifestation of articular disorders.
















INTRODUCTION


Joints have been classified according to (1) the extent of joint motion and (2) the type of articular histology. The classification of articulations based on the extent of joint motion is as follows:




Synarthroses: fixed or rigid joints


Amphiarthroses: slightly movable joints


Diarthroses: freely movable joints





The classification of joints on the basis of histology emphasizes the type of tissue that characterizes the junctional area (Table 2-1). The following categories are recognized:




Fibrous articulations: apposed bony surfaces fastened together by fibrous connective tissue


Cartilaginous articulations: apposed bony surfaces initially or eventually connected by cartilaginous tissue


Synovial articulations: apposed bony surfaces separated by an articular cavity lined by synovial membrane







TABLE 2-1


Types of Articulations










	Fibrous






	 

	Suture

	Skull






	Syndesmosis

	Distal tibiofibular interosseous membrane






	Radioulnar interosseous membrane






	Sacroiliac interosseous ligament






	Gomphosis

	Teeth






	Cartilaginous






	 

	Symphysis

	Symphysis pubis






	Intervertebral disc






	Manubriosternal joint






	Central mandible






	Synchondrosis

	Physeal plate (growth plate)






	Neurocentral joint






	Spheno-occipital joint






	Synovial






	 

	Large, small joints of extremities






	Sacroiliac joint






	Apophyseal joint






	Costovertebral joint






	Sternoclavicular joint
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This second method of classification can lead to difficulty, because joints that are similar histologically may differ considerably in function and degree of allowable motion; however, it is used in the following discussion.














FIBROUS ARTICULATIONS


In a fibrous articulation, apposed bony surfaces are fastened together by intervening fibrous tissue. Fibrous articulations can be subdivided into three types: sutures, syndesmoses, and gomphoses.








Suture


Limited to the skull, sutures (Fig. 2-1) allow no active motion and exist where broad osseous surfaces are separated only by a zone of connective tissue. Although classically a suture is considered to be a fibrous joint, areas of secondary cartilage formation may be observed during the growth period, and in later life, sutures may undergo bony union or synostosis. Bony obliteration of the sutures is somewhat variable in its time of onset and cranial distribution. This obliteration usually occurs at the bregma and subsequently extends into the sagittal, coronal, and lambdoid sutures, in that order. Despite the normal variations in suture development and closure, their assessment is important in the diagnosis of obstructive hydrocephalus and cranial synostosis. Computed tomography scanning seems to be a superior technique for making this delineation.
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Figure 2-1 Fibrous articulation: suture. Schematic drawings indicate the structure of a typical suture in the skull. Note the interdigitations of the osseous surfaces. The specific layers that intervene between the ends of the bones are indicated at the upper right. These include the cambial (1), capsular (2), and middle (3) layers. A uniting (4) layer is also indicated. (Reproduced in part from Pritchard JJ, Scott JH, Girgis FG: The structure and development of cranial and facial sutures. J Anat 90:73, 1956. Courtesy of Cambridge University Press.)




















Syndesmosis


A syndesmosis (Fig. 2-2) is a fibrous joint in which adjacent bony surfaces are united by an interosseous ligament, as in the distal tibiofibular joint, or an interosseous membrane, as at the diaphyses of the radius, ulna, tibia, and fibula. A syndesmosis may demonstrate minor degrees of motion related to stretching of the interosseous ligament or flexibility of the interosseous membrane.
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Figure 2-2 Fibrous articulation: syndesmosis. A and B, The interosseous membrane between the medial aspect of the radius and the lateral aspect of the ulna originates approximately 3 cm below the radial tuberosity and extends to the wrist, containing apertures for various interosseous vessels. The radiograph reveals an osseous crest on apposing surfaces of bone.




















Gomphosis


A gomphosis (Fig. 2-3) is a special type of fibrous joint located between the teeth and the maxilla or mandible. At these sites, the articulation resembles a peg that fits into a fossa or socket. The intervening membrane between tooth and bone is termed the periodontal ligament.
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Figure 2-3 Fibrous articulation: gomphosis. A, Diagrammatic representation of this special type of articulation located between the teeth and the maxilla or mandible. Note the location of the periodontal membrane. B, Radiograph reveals the radiolucent periodontal membrane (arrowhead) and the radiopaque lamina dura (arrow).


























CARTILAGINOUS ARTICULATIONS


There are two types of cartilaginous joints: symphyses and synchondroses.








Symphysis


In a symphysis (Fig. 2-4), adjacent bony surfaces are connected by a cartilaginous disc, which arises from chondrification of intervening mesenchymal tissue. Eventually, this tissue is composed of fibrocartilaginous or fibrous connective tissue, although a thin layer of hyaline cartilage usually persists, covering the articular surface of the adjacent bone. Symphyses (typified by the symphysis pubis and intervertebral disc) allow a small amount of motion, which occurs through compression or deformation of the intervening connective tissue.
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Figure 2-4 Cartilaginous articulation: symphysis (symphysis pubis). Note the central fibrocartilage (FC), with a thin layer of hyaline cartilage (HC) adjacent to the osseous surfaces of the pubis.








Some symphyses, such as the symphysis pubis and manubriosternal joint, have a small, cleftlike central cavity that contains fluid and may enlarge with advancing age; this cavity may be demonstrable radiographically, owing to the presence of gas (vacuum phenomenon). Symphyses are located within the midsagittal plane of the human body and are permanent structures, unlike synchondroses, which are temporary joints. Infrequently, intra-articular ankylosis or synostosis may obliterate a symphysis, such as occurs at the manubriosternal joint.














Synchondrosis


Synchondroses (Fig. 2-5) are temporary joints that exist during the growing phase of the skeleton and are composed of hyaline cartilage. Typical synchondroses are the cartilaginous growth plate between the epiphysis and metaphysis of a tubular bone; the neurocentral vertebral articulations; and the unossified cartilage in the chondro-cranium, the spheno-occipital synchondrosis. With skeletal maturation, synchondroses become thinner and are eventually obliterated by bony union or synostosis.
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Figure 2-5 Cartilaginous articulation: synchondrosis. A, Radiograph of the phalanges in a growing child demonstrates a typical epiphysis separated from the metaphysis and diaphysis by the radiolucent growth plate. B, Schematic drawing of a growth plate between the cartilaginous epiphysis and the ossified diaphysis of a long bone. Note the transition from hyaline cartilage through various cartilaginous zones, including resting cartilage, cell proliferation, cell hypertrophy, cell calcification, and bone formation.


























SYNOVIAL ARTICULATIONS


A synovial joint is a specialized type of joint that is located primarily in the appendicular skeleton (Fig. 2-6). Synovial articulations generally allow unrestricted motion. The structure of a synovial joint differs fundamentally from that of fibrous and cartilaginous joints; osseous surfaces are bound together by a fibrous capsule, which may be reinforced by accessory ligaments. The inner portion of the articulating surface of the apposing bones is separated by a space, the articular or joint cavity. Articular cartilage covers the ends of both bones; motion between these cartilaginous surfaces is characterized by a low coefficient of friction. The inner aspect of the joint capsule is formed by the synovial membrane, which secretes synovial fluid into the articular cavity. This synovial fluid acts both as a lubricant, encouraging motion, and as a nutritive substance, providing nourishment to the adjacent articular cartilage. In some synovial joints, an intra-articular disc of fibrocartilage partially or completely divides the joint cavity. Additional intra-articular structures, including fat pads and labra, may be noted.
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Figure 2-6 Synovial articulation: general features. A, Typical synovial joint without an intra-articular disc. Diagram of a section through a metacarpophalangeal joint outlines the important structures, including the fibrous capsule (FC), synovial membrane (S), and articular cartilage (C). Note that there are marginal areas of the articulation where synovial membrane abuts on bone without protective cartilage (arrows). B, Typical synovial joint containing an articular disc that partially divides the joint cavity. Diagram of a section through the knee joint reveals the fibrous capsule (FC), synovial membrane (S), articular cartilage (C), and articular disc (D). The marginal areas of the joint are indicated by arrows.














Articular Cartilage


The articulating surfaces of the bone are covered by a layer of glistening connective tissue, the articular cartilage. Its unique properties include transmission and distribution of high loads, maintenance of contact stresses at acceptably low levels, movement with little friction, and shock absorption. In most synovial joints, the cartilage is hyaline in type. Articular cartilage is devoid of lymphatic vessels, blood vessels, and nerves. A large portion of the cartilage derives its nutrition through diffusion of fluid from the synovial cavity. Small blood vessels pass from the subchondral bone plate into the deepest stratum of cartilage, providing nutrients to this area of articular cartilage. Additionally, a vascular ring is located within the synovial membrane at the periphery of the cartilage.


Articular cartilage is variable in thickness. It may be thicker on one articulating bone than on another. Further, articular cartilage is not necessarily of uniform thickness over the entire osseous surface. In general, it varies from 1 to 7 mm thick, averaging 2 or 3 mm. Cartilage is thicker (1) in large joints than in small joints; (2) in joints or areas of joints in which there is considerable functional pressure or stress, such as those in the lower extremity; (3) at sites of extensive frictional or shearing force; (4) in poorly fitted articulations (i.e., less congruent joints) compared with smoothly fitted ones; and (5) in young and middle-aged persons compared with older people.














Subchondral Bone Plate and Tidemark


The bony or subchondral endplate is a layer of osseous tissue of variable thickness that is located beneath the cartilage. Immediately superficial to the subchondral bone plate is the calcified zone of articular cartilage, termed the tidemark. The tidemark serves a mechanical function; it anchors the collagen fibers of the noncalcified portion of cartilage and, in turn, is anchored to the subchondral bone plate. These strong connections resist disruption by shearing force.














Articular Capsule


The articular capsule is connective tissue that envelops the joint cavity. It is composed of a thick, tough outer layer—the fibrous capsule—and a more delicate, thin inner layer—the synovial membrane.


















Fibrous Capsule.


The fibrous capsule consists of parallel and interlacing bundles of dense white fibrous tissue. At each end of the articulation, the fibrous capsule is firmly adherent to the periosteum of the articulating bones. The site of attachment of the capsule to the periosteum is variable. The fibrous capsule is not of uniform thickness. Ligaments and tendons may attach to it, producing focal areas of increased thickness. Extracapsular accessory ligaments, such as those about the sternoclavicular joint, and intracapsular ligaments, such as the cruciate ligaments of the knee, also may be found. The fibrous capsule is richly supplied with blood and lymphatic vessels and nerves, which may penetrate the capsule and extend down to the synovial membrane.














Synovial Membrane.


The synovial membrane is a delicate, highly vascular inner membrane of the articular capsule (Fig. 2-7). It lines the nonarticular portion of the synovial joint and any intra-articular ligaments or tendons. The synovial membrane also covers the intracapsular osseous surfaces, which are clothed by periosteum or perichon-drium but lack cartilaginous surfaces. These latter areas occur frequently at the peripheral portion of the joint and are termed “marginal” or “bare” areas of the joint.
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Figure 2-7 Synovial articulation: synovial membrane. Low-power (×80) photomicrograph of the chondro-osseous junction about a metacarpophalangeal joint delineates the synovial membrane (S) and articular cartilage (C). The marginal area of the joint where the synovial membrane abuts on bone is well demonstrated (arrow).








The synovial membrane demonstrates variable structural characteristics in different segments of the joint. In general, there are two synovial layers: a thin cellular surface layer (intima) and a deeper vascular underlying layer (subintima). The subintimal layer merges on its deep surface with the fibrous capsule. In certain locations, the synovial membrane is attenuated and fails to demonstrate two distinct layers.


The synovial membrane has several functions. First, it is involved in the secretion of a sticky mucoid substance into the synovial fluid. Second, owing to its inherent flexibility, loose synovial folds, villi, and marginal recesses, the synovium facilitates and accommodates the changing shape of the articular cavity that is required for normal joint motion, an ability that is lost in the case of adhesive capsulitis, which is accompanied by a decrease in synovial flexibility. In addition, the synovial membrane aids in the removal of substances from the articular cavity.
































Intra-articular Disc (Meniscus), Labrum, and Fat Pad


A fibrocartilaginous disc, or meniscus, may be found in some joints, such as the knee, wrist, and temporomandibular, acromioclavicular, sternoclavicular, and costovertebral joints. The peripheral portion of the disc attaches to the fibrous capsule. Blood vessels and afferent nerves may be noted within this peripheral zone of the disc. Most of the articular disc, however, is avascular. The exact function of intra-articular discs is unknown. Suggested functions include shock absorption, distribution of weight over a large surface, facilitation of various motions (such as rotation) and limitation of others (such as translation), and protection of the articular surface. It has been suggested that intra-articular discs play an important role in the effective lubrication of a joint.


Some joints, such as the hip and glenohumeral articulations, contain circumferential cartilaginous folds termed labra (Fig. 2-8). These lips of cartilage are usually triangular in cross section and are attached to the peripheral portion of an articular surface, thereby acting to enlarge or deepen the joint cavity. They also may help increase contact and congruity of adjacent articular surfaces, particularly at the extremes of joint motion.
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Figure 2-8 Synovial articulation: intra-articular labrum. Photograph of a coronal section through the superior aspect of the glenohumeral joint demonstrates a cartilaginous labrum (arrowhead) along the superior aspect of the glenoid. Note the adjacent rotator cuff tendons (arrow).








Fat pads represent additional structures that may be present within a joint. These structures possess a generous vascular and nerve supply, contain few lymphatic vessels, and are covered by a flattened layer of synovial cells. Fat pads may act as cushions, absorbing forces generated across a joint, thus protecting adjacent bony processes. They also may distribute lubricants in the joint cavity.














Synovial Fluid


Minute amounts of clear, colorless to pale yellow, highly viscous fluid of slightly alkaline pH are present in healthy joints. The exact composition, viscosity, volume, and color vary somewhat from joint to joint. Particles, cell fragments, and fibrous tissue may also be seen in the synovial fluid as a result of wear and tear of the articular surface. Functions of the synovial fluid are to provide nutrition to the adjacent articular cartilage and disc and lubrication of joint surfaces, which decreases friction and increases joint efficiency.














Synovial Sheaths and Bursae


Synovial tissue is also found about various tendon sheaths and bursae (Fig. 2-9). This tissue is located at sites where closely apposed structures move in relationship to each other. Tendon sheaths completely or partially cover a portion of the tendon where it passes through fascial slings, osseofibrous tunnels, and ligamentous bands. They function to promote the gliding of tendons and contribute to the nutrition of the intrasheath portion of the tendons.
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Figure 2-9 Tendons and tendon sheaths. A, Extensor tendons with surrounding synovial sheaths pass beneath the extensor retinaculum on the dorsum of the wrist. B, Drawing of the fine structure of a tendon and tendon sheath reveals an inner coat or visceral layer adjacent to the tendon surface and an outer coat or parietal layer. Note that the invaginated tendon allows apposition of visceral and parietal layers in the form of a mesotendon. This latter structure provides a passageway for adjacent blood vessels.








Bursae represent enclosed, flattened sacs consisting of synovial lining and, in some locations, a thin film of synovial fluid, which provides both lubrication and nourishment for the cells of the synovial membrane. Intervening bursae facilitate motion between apposing tissues. Subcutaneous bursae are found between skin and underlying bony prominences, such as the olecranon and patella; subfascial bursae occur between deep fascia and bone; subtendinous bursae exist where one tendon overlies another tendon; submucosal bursae are located between muscle and bone, tendon, or ligament; interligamentous bursae separate ligaments. When bursae are located near articulations, the synovial membrane of the bursa may be continuous with that of the joint cavity, producing communicating bursae. This occurs normally about the hip (iliopsoas bursa) and knee (gastrocnemiosemimembranous bursa) and abnormally about the glenohumeral joint (sub-acromial bursa) owing to defects in the rotator cuff. Distention of communicating bursae may serve to lower intra-articular pressure in cases of joint effusion. At certain sites where skin is subject to pressure and lateral displacement, adventitious bursae may appear, allowing increased freedom of motion. Examples of adventitious bursae include those that may develop over a hallux valgus deformity, those occurring about prominent spinous processes, and bursae located adjacent to exostoses.














Sesamoid Bones


Sesamoids generally are small ovoid nodules embedded in tendons (Fig. 2-10). They are found in two specific situations in the skeleton.
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Figure 2-10 Sesamoid bones. There are two types of sesamoids: type A (A), in which the sesamoid is located adjacent to an articulation, and type B (B), in which the sesamoid is separated from the underlying bone by a bursa. In both types, the sesamoid is intimately associated with a synovial lining and articular cartilage (hatched areas). (From Resnick D, Niwayama G, Feingold ML: The sesamoid bones of the hands and feet: Participators in arthritis. Radiology 123:57, 1977.)
























Type A.


In type A, the sesamoid is located adjacent to a joint, and its tendon is incorporated into the joint capsule. The sesamoid nodule and adjacent bone form an extension of the articulation. Examples of this type are the patella and the hallucis and pollicis sesamoids.














Type B.


In type B, the sesamoid is located at sites where tendons are angled about bony surfaces. They are separated from the underlying bone by a synovium-lined bursa. An example of this type of sesamoid is the sesamoid of the peroneus longus.


In both type A and type B situations, the arrangement of the sesamoid nodule and surrounding tissue resembles that of a synovial joint. In the hand, sesamoid nodules adjacent to joints (type A) are present most frequently on the palmar aspect of the metacarpophalangeal joints, particularly the first. In this location, two sesamoids are found in the tendons of the adductor pollicis and flexor pollicis brevis, articulating with facets on the palmar surface of the metacarpal head. Additional sesamoids are most frequent in the second and fifth metacarpophalangeal joints and adjacent to the interphalangeal joint of the thumb. This distribution of sesamoids in the hand is not constant. Sesamoid bones unassociated with synovial joints (type B) are more frequent in the lower extremity than in the upper extremity. In the foot, sesamoids of this type are noted in the tendon of the peroneus longus muscle adjacent to a facet on the tuberosity of the cuboid bone and in the tendon of the tibialis anterior muscle in contact with the medial surface of the medial cuneiform bone.







































SUPPORTING STRUCTURES



Tendons





Tendons represent a portion of a muscle and are of constant length, consisting of collagen fibers that transmit muscle tension to a mobile part of the body. They are flexible cords that can be angulated about bony protu-berances, changing the direction of pull of the muscle. Synovial sheaths may surround portions of the tendon. In some locations, such as the flexor tendons about the ankle, fluid is normally observed in these synovial sheaths. The attachment sites of tendons are termed entheses.








Aponeuroses


Aponeuroses consist of several flat layers or sheets of dense collagen fibers associated with the attachment of a muscle. The fasciculi within one layer of an aponeurosis are parallel, and they differ in direction from fasciculi of an adjacent layer.














Fasciae


Fascia is a general term used to describe a focal collection of connective tissue. Superficial fascia consists of a layer of loose areolar tissue of variable thickness beneath the dermis. It is most distinct over the lower abdomen, perineum, and limbs. Deep fascia resembles an aponeurosis, consisting of regularly arranged, compact collagen fibers. Parallel fibers of one layer are angled with respect to the fibers of an adjacent layer. Deep fascia is particularly prominent in the extremities, and in these sites, muscle may arise from the inner aspect of the deep fascia. At sites where deep fascia contacts bone, the fascia fuses with the periosteum. It is well suited to transmit the pull of adjacent musculature. Intermuscular septa extend from deep fascia between groups of muscles, producing functional compartments. These compartments are important with regard to patterns of spread of infection and tumor. Retinacula are transverse thickenings in the deep fascia that are attached to bony protuberances, creating tunnels through which tendons can pass. An example is the dorsal retinaculum of the wrist, under which extend the extensor tendons and their synovial sheaths.














Ligaments


Ligaments represent fibrous bands that unite bones. They do not transmit muscle action directly but are essential in the control of posture and the maintenance of joint stability. Histologically and biomechanically, ligaments resemble tendons, and their sites of osseous attachment (entheses) are similar to those of tendons.




















VASCULAR, LYMPHATIC, AND NERVE SUPPLY


The blood supply of joints arises from periarticular arterial plexuses that pierce the capsule, break up in the synovial membrane, and form a rich and intricate network of capillaries. A circle of vessels (circulus articularis vasculosus) within the synovial membrane is adjacent to the peripheral margin of articular cartilage.


The lymphatics form a plexus in the subintima of the synovial membrane. Efferent vessels pass toward the flexor aspect of the joint and then along blood vessels to regional deep lymph nodes. The nerve supply of movable joints generally arises from the same nerves that supply the adjacent musculature. The fibrous capsule and, to a lesser extent, the synovial membrane are both supplied by nerves.
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CHAPTER 3


Anatomy of Individual Joints




SUMMARY OF KEY FEATURES


Anatomic features related to articular and periarticular soft tissue and osseous structures govern the manner in which disease processes become evident on radiographs. This chapter summarizes the basic osseous and soft tissue anatomy of individual joints in the body. The tendinous and ligamentous anatomy is reviewed in greater detail in Chapter 5.

















WRIST



Osseous Anatomy





The osseous structures about the wrist are the distal portions of the radius and ulna, the proximal and distal rows of carpal bones, and the metacarpals. The distal aspects of the radius and ulna articulate with the proximal row of carpal bones. The articular surface of the radius is divided into an ulnar and a radial portion by a faint central ridge of bone. The ulnar portion articulates with the lunate, and the radial portion articulates with the scaphoid. The medial surface of the distal end of the radius contains the concave ulnar notch, which articulates with the distal end of the ulna. The proximal row of carpal bones consists of the scaphoid, lunate, and triquetrum, as well as the pisiform bone within the tendon of the flexor carpi ulnaris muscle. The distal row of carpal bones contains the trapezium, trapezoid, capitate, and hamate bones. A strong fibrous retinaculum attaches to the palmar surface of the carpus, converting the carpal groove into a carpal tunnel, through which pass the median nerve and flexor tendons.


Ulnar variance relates to the length of the ulna compared with that of the radius. A positive ulnar variance (i.e., ulnar plus) means a relatively long ulna in which the articular surface of the ulna projects distal to that of the radius; this variance is associated with the ulnocarpal abutment, or impaction, syndrome. A negative ulnar variance implies a relatively short ulna and is associated with Kienböck’s disease.


When the wrist is in the neutral position without dorsal or palmar flexion, the distal end of the radius articulates with the scaphoid and approximately 50% of the lunate. The degree of radial deviation of the radio-carpal compartment can be measured on a posteroanterior radiograph with the wrist in this neutral attitude. A line is drawn through the longitudinal axis of the second metacarpal at its radial cortex. On a lateral radiograph of a normal wrist in the neutral position without palmar flexion or dorsiflexion, a continuous line can be drawn through the longitudinal axes of the radius, lunate, capitate, and third metacarpal. The alignment of the bones in the wrist joints varies with wrist position (Fig. 3-1).
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Figure 3-1 Hand and wrist: normal and abnormal alignment. A andB, Frontal projection. The angle of intersection of lines A and B, measuring radial deviation of the radiocarpal compartment, normally averages 112 degrees (A) and is increased in rheumatoid arthritis (B). Lines C and D measure ulnar deviation at the metacarpophalangeal joints. C, Lateral projection. Line drawings of longitudinal axes of the third metacarpal, navicular (N) or scaphoid, lunate (L), capitate (C), and radius (R) in dorsiflexion instability (upper), in a normal situation (middle), and in palmar flexion instability (lower). When the wrist is normal, a continuous line can be drawn through the longitudinal axes of the capitate, lunate, and radius, and this line intersects a second line through the longitudinal axis of the scaphoid, creating an angle of 30 to 60 degrees. In dorsiflexion instability, the lunate is flexed toward the back of the hand and the scaphoid is displaced vertically. The angle of intersection between the two longitudinal axes is greater than 60 degrees. In palmar flexion instability, the lunate is flexed toward the palm and the angle between the two longitudinal axes is less than 30 degrees. (A and B, From Resnick D: Rheumatoid arthritis of the wrist: The compartmental approach. Med Radiogr Photogr 52:50, 1976. C, From Linscheid RL, Dobyns JH, Beabout JW, Bryan RS: Traumatic instability of the wrist. Diagnosis, classification, and pathomechanics. J Bone Joint Surg Am 54:1612, 1972.)








The complexity of wrist motion has led to differing concepts of functional osseous anatomy. Some regard the wrist as composed of carpal bones arranged in two rows (proximal and distal), with the scaphoid bridging the two. Others describe the joint as a vertical arrangement consisting of three columns. A mobile lateral column contains the scaphoid, trapezium, and trapezoid; osteoarthritis occurs here most frequently. The central column, containing the lunate and capitate, is concerned with flexion and extension and is primarily implicated in most varieties of carpal instability. The medial column is composed of the triquetrum and hamate, and, on the axis of this column, the rotation of the forearm is extended into the wrist. A third concept considers the wrist as a dynamic ring, with a fixed distal half and a mobile proximal half. Distortion or rupture of the mobile segment with respect to the rigid part explains both instability and dislocation.








Soft Tissue Anatomy


The wrist is not a single joint. Rather, it consists of a series of articulations or compartments (Fig. 3-2).
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Figure 3-2 Articulations of the wrist: general anatomy. The various wrist compartments are depicted on a schematic drawing (A) and in a photograph (B) of a coronal section. These include the radiocarpal (1), inferior radioulnar (2), midcarpal (3), and pisiform-triquetral (4) compartments. Note the triangular fibrocartilage (arrow). c, capitate; h, hamate; l, lunate; p, pisiform; s, scaphoid; t, triquetrum.
























Radiocarpal Compartment.


The radiocarpal compartment (Fig. 3-3) is formed proximally by the distal surface of the radius and the triangular fibrocartilage complex and distally by the proximal row of carpal bones exclusive of the pisiform. The triangular fibrocartilage prevents communication of the radiocarpal and inferior radioulnar compartments, whereas a meniscus may attach to the triquetrum, preventing communication of the radiocarpal and pisiform-triquetral compartments. The triangular fibrocartilage, the meniscus, the dorsal and volar radioulnar ligaments, the ulnar collateral ligament, the ulno-carpal ligaments, and (sometimes) the sheath of the extensor carpi ulnaris tendon are the components of the triangular fibrocartilage complex of the wrist and represent important stabilizers about the inferior radioulnar joint (see Chapter 59). Synovial diverticula, or recesses, are common and vary in number and size.
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Figure 3-3 Articulations of the wrist: specific compartments. Ulnar limit of the radiocarpal compartment (coronal section). Note the extent of this compartment (1), its relationship to the inferior radioulnar compartment (2), the intervening triangular fibrocartilage (arrow), and the prestyloid recess (arrowhead), which is intimate with the ulnar styloid (s).




















Inferior Radioulnar Compartment.


The inferior radioulnar compartment (see Fig. 3-2) is an L-shaped joint whose proximal border is the cartilage-covered head of the ulna and ulnar notch of the radius. Its distal limit is the triangular fibrocartilage.














Midcarpal Compartment.


The midcarpal compartment (see Fig. 3-2) extends between the proximal and distal carpal rows. On the radial aspect of the midcarpal compartment, the trapezium and trapezoid articulate with the distal aspect of the scaphoid. The radial side of this compartment is called the trapezioscaphoid space.














Pisiform-Triquetral Compartment.


The pisiform-triquetral compartment (Fig. 3-4) exists between the palmar surface of the triquetrum and the dorsal surface of the pisiform. A large proximal synovial recess can be noted.
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Figure 3-4 Articulations of the wrist: specific compartments. Pisiform-triquetral compartment (coronal section). This compartment (PTQ) exists between the triquetrum (triq.) and pisiform (pis.). The radiocarpal (1) and inferior radioulnar (2) compartments are also indicated.




















Common Carpometacarpal Compartment.


This compartment exists between the base of each of the four medial metacarpals and the distal row of carpal bones (see Fig. 3-2). Occasionally, the articulation between the hamate and the fourth and fifth metacarpals is a separate synovial cavity, produced by a ligamentous attachment between the hamate and fourth metacarpal.














First Carpometacarpal Compartment.


The carpometacarpal compartment of the thumb is a separate saddle-shaped cavity between the trapezium and base of the first meta-carpal (see Fig. 3-2).














Intermetacarpal Compartments.


Three intermetacarpal compartments extend between the bases of the second and third, the third and fourth, and the fourth and fifth metacarpals. These compartments usually communicate with one another and with the common carpometacarpal compartment.














Communication between Compartments.


Although the wrist compartments are distinct structures, direct communication between compartments has been well documented. Direct communication between the radiocarpal and inferior radioulnar joint has been noted in 7% of the radiocarpal compartment arthrograms of living persons. This communication results from a full-thickness defect of the triangular fibrocartilage, a finding seen more frequently in elderly persons, which relates to cartilaginous degeneration.


Communications have also been demonstrated between the radiocarpal and midcarpal compartments (resulting from a full-thickness defect of the interosseous ligaments that extend between the bones of the proximal carpal row), radiocarpal and pisiform-triquetral compartments, and mid-carpal, carpometacarpal, and intermetacarpal compartments. The frequency of these communications is not known. Extensor tendons traverse the dorsum of the wrist, surrounded by synovial sheaths (Fig. 3-5). The attachment of the dorsal carpal ligament to the adjacent radius and ulna creates six separate compartments or bundles of tendons. Flexor tendons with surrounding synovial sheaths pass through the carpal tunnel in the palmar aspect of the wrist.
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Figure 3-5 Extensor tendons and tendon sheaths. Drawing shows the dorsal carpal ligament and extensor tendons surrounded by synovial sheaths traversing the dorsum of the wrist within six separate compartments. These compartments are created by the insular attachment of the dorsal carpal ligament on the posterior and lateral surfaces of the radius and ulna. The extensor carpi ulnaris tendon and its sheath are in the medial compartment (6) and are closely applied to the posterior surface of the ulna. (From Resnick D: Rheumatoid arthritis of the wrist: The compartmental approach. Med Radiogr Photogr 52:50, 1976.)








Certain tissue planes about the wrist have received attention in the literature. The scaphoid fat pad is a triangular or linear collection of fat between the radial collateral ligament and the synovial sheath of the abductor pollicis longus and extensor pollicis brevis (Fig. 3-6). On radiographs, this fat pad may produce a thin radio-lucent line or triangle paralleling the lateral surface of the scaphoid. It is more difficult to discern in children younger than 11 or 12 years. Obliteration, obscuration, or displacement of this fat plane is reported to be common in acute fractures of the scaphoid, the radial styloid process, and the proximal first metacarpal bone.
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Figure 3-6 Scaphoid fat pad. On a conventional radiograph, the scaphoid fat pad (arrow) produces a triangular or linear radiolucent shadow paralleling the lateral surface of the scaphoid.








A second important soft tissue landmark is the fat plane that exists between the pronator quadratus muscle and the tendons of the flexor digitorum profundus (Fig. 3-7). On a lateral radiograph, the fat pad produces a radiolucent region on the volar aspect of the wrist. Displacement, distortion, or obliteration of the pronator quadratus fat pad has been reported in fractures of the distal ends of the radius and ulna, osteomyelitis, and septic arthritis of the wrist.
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Figure 3-7 Pronator fat pad. In normal situations, a fat plane between the pronator quadratus and tendons of the flexor digitorum profundus creates a radiolucent area (arrow) on the volar aspect of the wrist.













































METACARPOPHALANGEAL JOINTS



Osseous Anatomy





At the metacarpophalangeal joints, the metacarpal heads articulate with the proximal phalanges (Fig. 3-8). The medial four metacarpal bones lie side by side; the first metacarpal lies in a more anterior plane and is rotated medially along its long axis through an angle of 90 degrees, allowing the thumb to appose the other four metacarpals during flexion and rotation. Tubercles are found on the heads of all metacarpals; these tubercles occur at the sides of the metacarpal heads where the dorsal surface of the body of the bone extends onto the head. Collateral ligaments attach to the metacarpal tubercles.
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Figure 3-8 Metacarpals and phalanges: osseous anatomy. A and B, Dorsal (A) and ventral (B) aspects of the third metacarpal and phalanges. Note the more extensive articular surface on the volar aspect of the metacarpal head and phalanges (arrowheads). C, Drawings of the palmar and medial aspects of the metacar-pophalangeal and interphalangeal joints of the fourth digit reveal the deep transverse metacarpal ligament (arrowhead) with its central groove for the flexor tendons (arrow) and the capsule of the interphalangeal joints.














Soft Tissue Anatomy


Each metacarpophalangeal joint has a palmar ligament and two collateral ligaments. The palmar ligament is located on the volar aspect of the articulation and is firmly attached to the base of the proximal phalanx and loosely united to the metacarpal neck. Laterally the palmar ligament blends with the collateral ligaments, and volarly the palmar ligament blends with the deep transverse metacarpal ligaments, which connect the palmar ligaments of the second through fifth metacarpopha-langeal joints. The palmar ligament is also grooved for the passage of the flexor tendons, whose fibrous sheaths are attached to the sides of the groove. The collateral ligaments reinforce the fibrous capsule laterally.





















INTERPHALANGEAL JOINTS OF THE HAND



Osseous Anatomy





At the proximal interphalangeal joints, the head of the proximal phalanx articulates with the base of the adjacent middle phalanx. The articular surface of the phalangeal head is wide (from side to side), with a central groove and ridges on either side for attachment of the collateral ligaments (see Fig. 3-8). The base of the middle phalanx contains a ridge that fits into the groove on the head of the proximal phalanx. At the distal interphalangeal joints, the head of the middle phalanx articulates with the base of the distal phalanx. This phalangeal head, like that of the proximal phalanx, is pulley-like in configuration and conforms to the base of the adjacent phalanx.








Soft Tissue Anatomy


A fibrous capsule surrounds the articulation, and on its inner aspect, the capsule is covered by synovial membrane, which extends over intracapsular bone not covered by articular cartilage. At the interphalangeal joints, synovial pouches exist proximally on both dorsal and palmar aspects of the articulation. The interphalangeal articulations have a palmar and two collateral ligaments whose anatomy is similar to that of the ligaments about the metacarpophalangeal joints.




















ELBOW


The elbow has three articulations: (1) humeroradial–the area between the capitulum of the humerus and the facet on the radial head; (2) humeroulnar–the area between the trochlea of the humerus and the trochlear notch of the ulna; and (3) superior (proximal) radioulnar–the area between the head of the radius and radial notch of the ulna and the annular ligament.








Osseous Anatomy


The proximal end of the ulna contains two processes, the olecranon and the coronoid. The olecranon process is smooth posteriorly at the site of attachment of the triceps tendon. Its anterior surface provides the site of attachment of the capsule of the elbow joint. The coronoid process contains the radial notch, below which is the ulnar tuberosity. The radial head is disc shaped, containing a shallow, cupped articular surface that is intimate with the capitulum of the humerus. The articular circumference of the head is largest medially, where it articulates with the radial notch of the ulna (Fig. 3-9).
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Figure 3-9 Elbow joint: osseous anatomy. A, Radius and ulna, anterior aspect. Note the olecranon (o), coronoid process (c), trochlear notch (t), radial notch (r), radial head (h), radial neck (n), and radial tuberosity (tu). B and C, Distal end of the humerus, anterior and posterior aspects. The anterior view (B) reveals the trochlea (t), capitulum (c), medial epicondyle (m), lateral epicondyle (l), coronoid fossa (cf), and radial fossa (rf). The posterior view (C), oriented in the same fashion, outlines some of the same structures, as well as the olecranon fossa (of).








The distal aspect of the humerus is a wide, flattened structure. The medial third of its articular surface, termed the trochlea, is intimate with the ulna. Lateral to the trochlea is the capitulum, which articulates with the radius. The sulcus is between the trochlea and the capitulum. A hollow area, termed the olecranon fossa, is found on the posterior surface of the humerus above the trochlea. A smaller fossa, the coronoid fossa, lies above the trochlea on the anterior surface of the humerus, and a radial fossa lies adjacent to it, above the capitulum. When the elbow is fully extended, the tip of the olecranon process is located in the olecranon fossa, and when the elbow is flexed, the coronoid process of the ulna is found in the coronoid fossa and the margin of the radial head is located in the radial fossa (see Fig. 3-9).














Soft Tissue Anatomy


A fibrous capsule invests the elbow completely. The fibrous capsule is strengthened at the sides of the articulation by the radial and ulnar collateral ligaments. The synovial membrane of the elbow lines the deep surface of the fibrous capsule. It extends from the articular surface of the humerus and contacts the olecranon, radial, and coronoid fossae and the medial surface of the trochlea. A synovial fold projects into the joint between the radius and ulna, partially dividing the articulation into humeroulnar and humeroradial portions.


Several fat pads are located between the fibrous capsule and the synovial membrane (Fig. 3-10). These fat pads, which are extrasynovial but intracapsular, are of radiographic significance. On lateral radiographs, an anterior radiolucent area represents the summation of radial and coronoid fossae fat pads. These fat pads are pressed into their respective fossae by the brachialis muscle during extension of the elbow. A posterior radiolucent region represents the olecranon fossa fat pad. It is pressed into this fossa by the triceps muscle during flexion of the elbow. The anterior fat pad normally assumes a teardrop configuration anterior to the distal end of the humerus on lateral radiographs of the elbow exposed in approximately 90 degrees of joint flexion. The posterior fat pad normally is not visible in radiographs of the elbow exposed in flexion. Any intra-articular process that is associated with a mass or fluid may produce a positive fat pad sign, characterized by elevation and displacement of anterior and posterior fat pads (Fig. 3-11).
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Figure 3-10 Elbow joint: normal anatomy. Drawings of coronal (A) and sagittal (B) sections. Observe the synovium (s), articular cartilage (c), fibrous capsule (fc), anterior and posterior fat pads (f), and olecranon bursa (ob). Note the extension of the elbow joint between the radius and ulna as the superior radioulnar joint (arrow).
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Figure 3-11 Elbow joint: abnormal appearance of fat pads. With a joint effusion, both fat pads (f) are elevated. The anterior fat pad assumes a “sail” configuration, whereas the posterior fat pad becomes visible.


























GLENOHUMERAL JOINT


The glenohumeral joint lies between the roughly hemi-spheric head of the humerus and the shallow cavity of the glenoid region of the scapula. Stability of this articulation is limited for two major reasons: the scapular “socket” is small compared with the size of the adjacent humeral head, so that apposing osseous surfaces provide little inherent stability; and the joint capsule is quite redundant, providing little additional support.








Osseous Anatomy


The upper end of the humerus consists of the head and the greater and lesser tuberosities (tubercles) (Fig. 3-12). Beneath the head is the anatomic neck of the humerus, a slightly constricted area that encircles the bone, separating the head from the tuberosities. The anatomic neck is the site of attachment of the capsular ligament of the glenohumeral joint. The greater tuberosity is located on the lateral aspect of the proximal end of the humerus. The tendons of the supraspinatus and infraspinatus muscles insert on its superior portion, whereas the tendon of the teres minor muscle inserts on its posterior aspect. The lesser tuberosity is located on the anterior portion of the proximal humerus, immediately below the anatomic neck. The subscapularis tendon attaches to the medial aspect of this structure, as well as to the humeral neck below the lesser tuberosity. Between the greater and lesser tuberosities is located the intertubercular sulcus or groove (bicipital groove), through which passes the tendon of the long head of the biceps brachii muscle.
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Figure 3-12 Proximal end of humerus: osseous anatomy–anterior aspect, external rotation. Observe the articular surface of the humeral head (h), greater tuberosity (gt), lesser tuberosity (lt), intertubercular sulcus (s), anatomic neck (arrows), and surgical neck (arrowhead).








The shallow glenoid cavity is located on the lateral margin of the scapula (Fig. 3-13). Although there is variation in the osseous depth of the glenoid region, a fibrocartilaginous labrum encircles and slightly deepens the glenoid cavity. The glenoid contour may be almost flat or slightly curved, or it may possess a deep, socket-like appearance. A supraglenoid tubercle is located above the glenoid cavity, to which is attached a tendinous portion of the long head of the biceps muscle. Below the cavity is a thickened ridge of bone, the infraglenoid tubercle, which is a site of tendinous attachment for the long head of the triceps muscle.
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Figure 3-13 Scapula: osseous anatomy–anterior (costal) aspect. The scapula is viewed in the position it maintains when an anteroposterior radiograph of the shoulder is obtained. Observe the acromion (a), clavicular facet (cf), coracoid process (c), glenoid cavity (g), and infraglenoid tubercle (t). Note that the glenoid cavity is not seen tangentially.




















Soft Tissue Anatomy


A loose fibrous capsule arises medially from the circumference of the glenoid labrum or, anteriorly, from the neck of the scapula. It inserts distally into the anatomic neck of the humerus and periosteum of the humeral diaphysis. In certain areas, the fibrous capsule is strength-ened by its intimate association with surrounding tendons and ligaments. The tendons of the supraspinatus, infra-spinatus, teres minor, and subscapularis muscles form a cuff–the rotator cuff–which blends with and rein-forces the fibrous capsule. The coracohumeral ligament strengthens the upper part of the capsule and is located (along with the tendon of the long head of the biceps muscle and superior glenohumeral ligament) in a space between the supraspinatus and subscapularis tendon, designated the rotator interval. Anteriorly, the capsule may thicken to form the superior, middle, and inferior glenohumeral ligaments. Portions of the last of these ligaments are referred to collectively as the inferior glenohumeral ligament complex (see Chapter 59).


Several synovium-lined recesses or bursae are present about the glenohumeral joint. The subscapular recess lies between the subscapularis tendon and the scapula, communicating with the joint via an opening that is usually (but not invariably) located between the superior and middle glenohumeral ligaments. This bursa is readily apparent on shoulder arthrograms as a tongue-shaped collection of contrast material extending medially from the glenohumeral space underneath the coracoid process. The bursa about the infraspinatus tendon is an inconstant bursa that separates the infraspinatus tendon and joint capsule and may communicate with the joint cavity. The subacromial (subdeltoid) bursa lies between the deltoid muscle and joint capsule. It extends underneath the acromion and the coracoacromial ligament and is separated from the articular cavity by the rotator cuff. It does not communicate with the joint unless there has been a perforation of the cuff.




















ACROMIOCLAVICULAR JOINT


The acromioclavicular joint is a synovial articulation between the lateral aspect of the clavicle and the medial aspect of the acromion.








Osseous Anatomy


The lateral or acromial end of the clavicle articulates with the acromial facet of the scapula and is the site of attachment of the joint capsule of the acromioclavicular joint. The inferior surface of the acromial end of the clavicle possesses a rough osseous ridge, termed the trape-zoid line. A conoid tubercle is located at the posterior aspect of the lateral clavicle. The trapezoid line and conoid tubercle are the sites of attachment of the trapezoid and conoid parts of the coracoclavicular ligament. The acromion is a forward protuberance of the lateral aspect of the scapula. The inferior surface of the acromion varies in its slope and configuration, factors that may be important in the pathogenesis of one type of shoulder impingement syndrome and rotator cuff pathology (see Chapter 59).














Soft Tissue Anatomy


The articular surfaces about the acromioclavicular joint are covered with fibrocartilage. In the central portion of the joint is an articular margin that partially or, more rarely, completely divides the joint cavity. The fibrous capsule surrounds the articular margin and is reinforced on its superior and inferior surfaces. Surrounding ligaments include the acromioclavicular and coracoclavicular ligaments. The former ligament, which is located at the superior portion of the joint, extends between the clavicle and acromion. The coracoclavicular ligament, which attaches to the coracoid process of the scapula and clavicle, is composed of a trapezoid (medial) part and a conoid (lateral) part. The trapezoid and conoid parts of the coraco-clavicular ligament may be separated by fat or a bursa.




















STERNOCLAVICULAR JOINT


At the sternoclavicular articulation, the medial end of the clavicle articulates with the clavicular notch of the manubrium sterni and with the cartilage of the first rib (Fig. 3-14).
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Figure 3-14 Sternoclavicular joint: normal anatomy. A, Diagram of the anterior aspect of the upper sternum and medial clavicles. On the right-hand side, the superficial bone has been removed, exposing the sternoclavicular, manubriosternal, and second sternocostal joints. Identified structures are the anterior sternoclavicular ligament (arrow), costoclavicular ligament (arrowhead on left), interclavicular ligament (arrowhead in center), and articular disc (d). Note the first (1) and second (2) costal cartilages. B, Photographs of a coronal section through the sternoclavicular joint in a cadaver reveal characteristics of the intra-articular disc (d). (A, From Warwick R, Williams P: Gray’s Anatomy, 35th Br ed. Philadelphia, WB Saunders, 1973.)














Osseous Anatomy


The enlarged medial or sternal end of the clavicle projects above the upper margin of the manubrium. The articular surface is smooth except on its superior portion, where a roughened area allows attachment of an articular disc. The inferior portion of the articular surface is extended to allow articulation with the first costal cartilage. Below each clavicular notch is a rough projection, which receives the first costal cartilage.














Soft Tissue Anatomy


The articular end of the clavicle is covered with a layer of fibrocartilage that is thicker than the cartilage on the sternum. A flat, circular disc is located between the articulating surfaces of the clavicle and sternum; it divides the joint into two articular cavities. The disc acts as a checkrein against medial displacement of the inner clavicle. Perforations in the disc are frequent in older persons. A fibrous capsule surrounds the joint. The sternoclavicular joint is freely mobile. It participates in movements of the upper extremity, including elevation, depression, protraction, retraction, and circumduction.





















JOINTS OF THE VERTEBRAL BODIES



Osseous and Soft Tissue Anatomy





Joints separating vertebral bodies are of two types: articulations between vertebral bodies that consist of inter-vertebral discs are symphyses; those between vertebral bodies that consist of anterior and posterior longitudinal ligaments are syndesmoses (Fig. 3-15).
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Figure 3-15 Vertebral column: normal development and anatomy. Drawing of a sagittal section of an adult spine depicts vertebral bodies separated by intervertebral discs, consisting of the anulus fibrosus (af) and nucleus pulposus (np). The anterior longitudinal ligament (all), posterior longitudinal ligament (pll), ligamentum flavum (lf), and interspinous (is) and supraspinous (ss) ligaments are indicated.
























Intervertebral Discs.


Intervertebral discs separate the vertebral bodies from the axis to the sacrum. The attachments of the discs include the anterior and posterior longitudinal ligaments and the intra-articular ligaments. Discs are thickest in the lumbar region and thinnest in the upper thoracic area. The intervertebral discs between the cervical vertebrae do not extend to the lateral edges of the vertebral bodies (Fig. 3-16). In this area, articular modifications are found on both sides of the interver-tebral discs as cleftlike cavities between the superior surface of the uncinate process of one vertebra and the lateral lips of the inferior articulating surface of the vertebra above. These modifications are called the joints of Luschka.
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Figure 3-16 Cervical spine: joints of Luschka. On a photograph of the anterior aspect of the cervical spine, the joints of Luschka (arrowheads) are seen between the superior surface of the uncinate process (U) of one vertebra (B) and the lateral lips of the inferior articulating surface of the vertebra above.








Each disc consists of an inner portion, the nucleus pulposus, surrounded by a peripheral portion, the anulus fibrosus. The nucleus pulposus is soft and gelatinous in young persons, but it is gradually replaced by fibrocartilage with increasing age. The anulus fibrosus encircles the nucleus pulposus and unites the vertebral bodies firmly. The lamellae of the anulus fibrosus are thinner and more closely packed between the nucleus and the dorsal aspect of the intervertebral disc. Anteriorly, the lamellae are stronger and more distinct. The direction in which they are oriented varies with their relative position in the intervertebral disc. More peripherally, the bands of fibers are vertical. At the extreme periphery of the inter-vertebral disc, the lamellae may become curved, with their convexity facing the periphery of the intervertebral disc.


The anulus fibrosus is attached to the adjacent vertebral bodies in two ways. At sites of endochondral ossification, such as the cartilaginous endplates and marginal osseous rims, the attachment consists essentially of fibers that penetrate the cartilaginous endplate and subchondral bony trabeculae. A stronger attachment between anulus fibrosus and vertebral body is apparent at sites of intramembranous ossification, such as the anterior vertebral surface. Here, the fibers of the stoutest external lamellar bands, termed Sharpey’s fibers, enter the bone at different angles and extend beyond the confines of the inter-vertebral disc, blending with the periosteum of the vertebral body and longitudinal ligaments.














Anterior and Posterior Longitudinal Ligaments.


The anterior longitudinal ligament is a strong band of fibers that descends along the anterior surface of the vertebral column. It is relatively narrow in the cervical region and expands in width in the thoracic and lumbar regions; in the latter regions, it covers most of the anterolateral surface of the vertebral bodies and discs. The anterior longitudinal ligament is fixed to the intervertebral discs and vertebral bodies. It is particularly adherent to the articular lip at the edge of each vertebral body but is loosely attached at intermediate levels of the bodies.


The posterior longitudinal ligament extends along the posterior surface of the vertebral bodies and discs from skull to sacrum, within the vertebral canal. Its fibers are attached only to the intervertebral discs and margins of the vertebral bodies, not to the midposterior surface of the bone.
































JOINTS OF THE VERTEBRAL ARCHES


Articulations between vertebral arches consist of synovial joints (between articular processes of vertebrae) and syndesmoses (ligamentum flavum; interspinous, supraspinous, and intertransverse ligaments; and ligamentum nuchae) (Table 3-1).




TABLE 3-1


Articulations of the Spine










	



Synovial Joints




Apophyseal (facet) joints


Atlas-odontoid process


Odontoid process–transverse ligament


Costovertebral joints




Joints of the heads of the ribs


Costotransverse joints





Joints of Luschka*





Symphyses




Intervertebral discs





Syndesmoses




Ligamentous connections of vertebral bodies


Ligamentous connections of vertebral arches






















[image: image]





*Resemble synovial joints.











Osseous Anatomy


The vertebral arch contains two pedicles and two laminae, the latter joining posteriorly to become the spinous process. The transverse process and two articular facets originate from a mass of bone at the junction of lamina and pedicle. One articular facet passes superiorly and the second one inferiorly, to articulate with a facet from the vertebrae above and below, respectively. The orientation and appearance of the articular processes of the vertebrae vary, depending on the region of the vertebral column. In the cervical spine (C3-C7), the articular processes are large, forming part of a pillar of bone termed the articular mass. In the thoracic spine, the superior articular processes, which face backward, slightly upward, and laterally, appose inferior articular processes that face in the opposite direction (Fig. 3-17). In the lumbar spine, superior processes face medially and posteriorly, whereas inferior processes face laterally and anteriorly (Fig. 3-18). The articulations of the cervical and thoracic portions of the spine are best demonstrated on lateral radiographs, whereas oblique projections are necessary for the lumbar spine. Conventional tomography or computed tomography scanning is frequently required.
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Figure 3-17 Articular processes: thoracic spine. Photograph of the lateral aspect of two thoracic vertebrae demonstrates the inferior articular process (ip) and superior articular process (sp), separated by a synovial joint (large arrowhead). Note the pedicle (p), hemifacets for the head of the rib (small arrowheads), and facet for the rib tubercle (arrow).
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Figure 3-18 Articular processes: lumbar spine. Photograph of the lateral aspect of the lumbar vertebrae outlines the superior articular process (sp) and inferior articular process (ip). Also observe the pedicles (p).








The transverse processes of the vertebrae also demonstrate regional differences. In a typical cervical vertebra, the transverse processes have an anterior and a posterior tubercle, connected by a costotransverse lamella. The adjacent foramen transversarium transmits the vertebral artery, veins, and nerves. The transverse processes of the thoracic vertebrae have a tubercle for articulation with the corresponding rib tubercle. Transverse processes in the lumbar spine are flat, and the processes of the third lumbar vertebra may be the longest. In the cervical spine, the spinous processes of the second to fifth vertebrae frequently are bifid. The atlas has no spinous process. In the thoracic spine, spinous processes are long and sloping, whereas in the lumbar spine, these processes are broad and horizontal.














Soft Tissue Anatomy


Synovial joints and syndesmoses exist at the joints of the vertebral arches.


















Articular Processes (Synovial Joints).


The superior articulating process of one vertebra is separated from the inferior articulating process of the vertebra above by a synovial joint, termed the apophyseal joint. This articulation is surrounded by a loose, thin articular capsule, which is attached to the bones of the adjacent articulating processes.














Ligamentous Articulations (Syndesmoses).


The syndesmoses between the vertebral arches are formed by the paired sets of ligamenta flava, intertransverse ligaments, and interspinous ligaments and by the unpaired supraspinous ligament.


The ligamenta flava connect the laminae of adjacent vertebrae from the second cervical to the lumbosacral levels. The ligamentum flavum, which consists predominantly of yellow elastic fibers extending in a perpendicular fashion, is thin and broad in the cervical region and thicker in the thoracic and lumbar areas. It is the most prominent elastic ligament in the human body; it permits separation of the laminae with flexion of the vertebral column and does not form redundant folds, which might otherwise compromise adjacent nervous tissue when the spine resumes an erect posture. Intertransverse ligaments extend between transverse processes. Their appearance varies at different levels of the spine: in the cervical spine, they are absent or consist of a few irregular, scattered fibers; in the thoracic spine, they are cords of tissue associated with the deep musculature of the back; and in the lumbar spine, they are thin and membranous.


Interspinous ligaments connect adjoining spinous processes, where their attachment extends from the root to the apex of the process. These ligaments, which are located between the ligamentum flavum in front and the supraspinous ligament behind, are longest and strongest in the lumbar spine. The supraspinous ligament is broader and thicker in the lumbar spine than in the thoracic spine. In the cervical spine, the supraspinous ligament merges with the triangular ligamentum nuchae, the latter passing from the external occipital protuberance to the seventh cervical vertebra. Ossicles resembling sesamoid bones are common in the ligamentum nuchae.







































ATLANTOAXIAL JOINTS



Osseous Anatomy





The ringlike first cervical vertebra, the atlas, does not possess a vertebral body or a spinous process (Fig. 3-19). It contains a small anterior arch with a tubercle, a larger posterior arch with a corresponding tubercle, and two bulky lateral masses. The second cervical vertebra, the axis, contains a superior peg of bone, the dens or odontoid process, which possesses a small oval facet for articulation with a facet on the posterior surface of the anterior arch of the atlas. On the posterior surface of the odontoid process is a groove for the transverse ligament of the atlas.
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Figure 3-19 Atlas and axis: osseous anatomy. A, Posterior view. Observe the posterior arch (pa), posterior tubercle (pt), superior articular process (sp), inferior articular process (ip), transverse process (tp), and foramen transversarium (ft) of the atlas, and the odontoid process (op) and superior articular process (arrowhead) of the axis. B, Frontal radiographs of the atlas and axis with the same structures indicated, as well as the anterior arch (aa).








On lateral radiographs of the cervical spine, the normal space between the anterior arch of the atlas and the odontoid process of the axis should be no greater than 2.5 mm in adults. In children, the average distance between the anterior arch of the atlas and the odontoid process is 2 to 2.5 mm in extension and 2 to 3 mm in flexion. This distance should not exceed 4.5 mm in children.








Soft Tissue Anatomy


Four synovial articulations occur between the atlas and axis: two lateral atlantoaxial joints, one on each side, between the inferior facet of the lateral mass of the atlas and the superior facet of the axis; and two median synovial joints, one between the anterior arch of the atlas and the odontoid process of the axis and the second between the odontoid process and the transverse ligament of the atlas (Fig. 3-20). In addition to these synovial articulations, syndesmoses between the atlas and axis include continuations of the anterior longitudinal ligament anteriorly and the ligamenta flava posteriorly.
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Figure 3-20 Atlantoaxial and atlanto-occipital joints. Drawing of coronal (A) and sagittal (B) sections of the base of the skull and upper cervical spine. Note the lateral atlantoaxial joints (laa), atlanto-occipital synovial joints (ao), anterior median joint (arrowhead) between the odontoid process and anterior arch of the atlas, and posterior median joint (arrow) between the odontoid process and transverse ligament (tl) of the atlas. Additional structures are the anterior longitudinal ligament (all), posterior longitudinal ligament (pll), membrana tectoria (mt), anterior atlanto-occipital membrane (am), posterior atlanto-occipital membrane (pm), apical ligament of the odontoid process (al), alar ligament (a), and ligamentum flavum (lf).



























ATLANTO-OCCIPITAL JOINTS



Osseous Anatomy





The superior surface of each lateral mass of the atlas has a concave, kidney-shaped facet that articulates with the corresponding occipital condyle. This atlantal facet is oriented medially and superiorly. The occipital condyles are oval, located on the anterolateral aspect of the foramen magnum.








Soft Tissue Anatomy


The atlanto-occipital joints consist of a pair of synovial joints, between the articular facets of the atlas and the condyles of the occiput, and syndesmoses formed by the anterior and posterior atlanto-occipital membranes (see Fig. 3-20). The atlanto-occipital synovial joints are the reciprocally curved superior articular facets separating the lateral masses of the atlas and condyles of the occipital bone. They are surrounded by a fibrous capsule that is particularly thick on its posterior and lateral surfaces but deficient medially. The anterior atlanto-occipital membrane is attached above to the anterior margin of the foramen magnum and below to the anterior arch of the atlas. Its central portion contains fibers continuous with those of the anterior longitudinal ligament. The posterior atlanto-occipital membrane is attached above to the posterior margin of the foramen magnum and below to the posterior arch of the atlas.




















OSSEOUS RELATIONSHIPS OF CERVICOBASILAR JUNCTION


The osseous relationships at the cervicobasilar junction have received considerable attention. Chamberlain’s line can be drawn on a lateral radiograph from the posterior margin of the hard palate to the posterior border of the foramen magnum. In normal situations, the odontoid process should not extend more than 5 mm above this line. A modification of this line, McGregor’s line, uses the inferior surface of the occiput rather than the margin of the foramen magnum. In normal persons, the odontoid tip does not extend more than 7 mm above this line. On frontal radiographs, a line connecting the mastoid tips is within 2 mm of the tip of the odontoid, whereas a line connecting the digastric muscle fossae is located at the approximate level of the foramen magnum and above the odontoid process (Fig. 3-21).
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Figure 3-21 Cervicobasilar junction: normal osseous relationships. A, Chamberlain’s line is drawn from the posterior margin of the hard palate to the posterior border of the foramen magnum. The odontoid process normally does not extend more than 5 mm above this line. B, The bimastoid line (lower line), connecting the tips of the mastoids, is normally within 2 mm of the odontoid tip. The digastric line (upper line), connecting the digastric muscle fossae, is normally located above the odontoid process. C, The basilar angle, which normally exceeds 140 degrees, is formed by the angle of intersection of two lines–one drawn from the nasion to the tuberculum sellae, and the second drawn from the tuberculum sellae to the anterior edge of the foramen magnum. D, The atlanto-occipital joint angle, constructed on frontal tomograms by the intersection of two lines drawn along the axes of these articulations, is normally not greater than 150 degrees.








The basilar angle is the angle of intersection of two lines–one drawn from the nasion to the tuberculum sellae, and the second drawn from the tuberculum sellae to the anterior edge of the foramen magnum. This angle normally does not exceed 140 degrees. An atlanto-occipital joint angle is constructed on frontal tomograms by drawing a line along this articulation on either side. The angle formed by the intersection of these two lines normally should not exceed 150 degrees.















SACROILIAC JOINTS



Osseous Anatomy





The apposing osseous surfaces of the sacrum and the ilium are irregular in character and allow interdigitation of the sacrum and ilium, which contributes to the strength of the joint and to its restricted motion. Irregular osseous pits, which are the sites of attachment of various ligaments, are located posterior to the articular surface.








Soft Tissue Anatomy


The articulation between articular surfaces of the sacrum and ilium is synovial in type. The articular surface of the sacrum is covered with a thick layer of hyaline cartilage, and the articular surface of the ilium is clothed by a thinner layer of fibrocartilage (Fig. 3-22). This joint has a complete fibrous capsule, which is attached close to the margins of the adjacent surfaces of the sacrum and ilium and is lined with synovial membrane. A thin, broad band of tissue, the ventral sacroiliac ligament, is noted in front of the joint (Fig. 3-23). Posteriorly, a deep, thick interosseous sacroiliac ligament extends above the articular surface to fill the superior cleft between the sacrum and the ilium. Accessory synovial joints are not uncommon between the lateral sacral crest and the posterior or superior iliac spine and ilial tuberosity.
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Figure 3-22 Sacroiliac joint: coronal section. Photograph reveals the extent of synovial articulation (large arrowhead), thick sacral cartilage (small arrowhead), and thinner iliac cartilage (arrow). Note the interosseous ligament (il) above the synovial joint.










[image: image]


Figure 3-23 Ventral sacroiliac ligament. Coronal volumetric SPGR (TR/TE, 60/10; flip angle, 30 degrees) magnetic resonance image reveals the ventral sacroiliac ligament (arrowheads) traversing the anteroinferior aspect of the joint.








It is important to realize that only the lower one half to two thirds of the space between the sacrum and the ilium represents the synovial joint; the superior aspect of this space is ligamentous. In young adults, the interosseous joint space is 2 to 5 mm, reflecting the combined thickness of sacral and ilial cartilage. Diminution of the joint space is common in persons older than 40 years and increases in frequency thereafter.




















PELVIC-VERTEBRAL LIGAMENTS


In addition to the iliolumbar ligaments, other important ligaments connecting the pelvis and the vertebral column are the sacrotuberous and sacrospinous ligaments (Fig. 3-24).
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Figure 3-24 Pelvic-vertebral ligaments: posterior aspect. Observe the iliolumbar ligament (ill), short and long dorsal sacroiliac ligaments (dsl), sacrotuberous ligament (stl), sacrospinous ligament (ssl), and greater (arrowhead) and lesser (arrow) sciatic foramina. (From Warwick R, Williams P: Gray’s Anatomy, 35th Br ed. Philadelphia, WB Saunders, 1973.)





















HIP



Osseous Anatomy





At birth, the acetabulum is cartilaginous, with a triradiate stem extending medially from its deep aspect, producing a Y-shaped physeal plate between ilium, ischium, and pubis. Continued ossification results in eventual fusion of these three bones. The fully developed acetabular cavity is hemispheric in shape and possesses an elevated bony rim (Fig. 3-25). This rim is absent inferiorly, and this defect is termed the acetabular notch. A fibrocartilaginous labrum is attached to the bony rim, deepening the acetabular cavity.
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Figure 3-25 Acetabular cavity: osseous anatomy (anterior view). A metal marker (black strip) identifies the posterior acetabular rim. This rim is continuous except at the acetabular notch inferiorly (arrows). (From Armbuster TG, Guerra J Jr, Resnick D, et al: The adult hip: An anatomic study. Part I. The bony landmarks. Radiology 128:1, 1978.)








The hemispheric head of the femur extends superiorly, medially, and anteriorly. It is smooth except for a central roughened pit, the fovea, to which is attached the ligament of the head of the femur (i.e., ligamentum teres). The anterior surface of the femoral neck is intra-capsular, as the capsular line extends to the intertro-chanteric line.


Radiographic examination of normal osseous structures about the hip has received much attention, and various measurements have been determined. The acetabular angle, iliac angle, and angle of anteversion of the femoral neck are useful measurements, particularly in the young skeleton. The center-edge (CE) angle of Wiberg is an indication of acetabular depth (Fig. 3-26). It is the angle formed by a perpendicular line through the midportion of the femoral head and a line from the femoral head center to the upper outer acetabular margin. The pelvic radiograph also is useful in outlining certain normal lines and structures (Fig. 3-27). The ilioischial line is formed by that portion of the quadrilateral surface of the ilium that is tangent to the x-ray beam; the iliopubic line is simply the inner margin of the ilium, which forms a continuous line with the inner superior aspect of the pubis. Two columns of bone produce an arch, with the acetabulum located in the concavity of the arch. The ilioischial, or posterior, column is a thick structure that includes a portion of the ilium and extends to the ischial tuberosity. The iliopubic, or anterior, column consists of a portion of ilium and pubis and extends superolaterally to the anterior inferior iliac spine.
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Figure 3-26 Hip: radiographic indices. A, Centeredge (CE) angle of Wiberg. A horizontal line (C2-C1) is drawn, connecting the center of each femoral head. A perpendicular line is drawn superiorly from the center of the femoral head. The edge (E) of the acetabulum is determined, and a line (C1-E) is constructed. In this case, the value of 26 degrees is considered normal. B, “Horizontal toit externe” (HTE) angle of Wiberg. A horizontal line is drawn parallel to the C2-C1 line through the most medial portion of the weight-bearing aspect of the acetabulum (T). A line is then constructed as shown through E. The angle created between the two lines is normally 10 degrees or less. C, Acetabular index of depth (d) to width (w). The two lines are constructed as illustrated. The ratio (d/w) × 100 is calculated. This ratio normally measures greater than 38. D, Percentage of the femoral head covered by the acetabulum. This represents the relative width of the weight-bearing surface of the acetabulum (A), represented by line 1-2, and that of the femoral head, represented by line 1-3. Normal acetabular coverage is 75% or above when the ratio of 1-2:1-3 is determined. (Modified from Delaunay S, Dussault RG, Kaplan PA, et al: Radiographic measurements of dysplastic adult hips. Skeletal Radiol 26:75, 1997.)
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Figure 3-27 Normal osseous landmarks of the pelvis: antero-posterior view. The posterior acetabular rim (pa) is more lateral than the anterior acetabular rim (aa). The ilioischial line (iil) is formed by that portion of the quadrilateral surface of the ilium that is tangent to the x-ray beam. The iliopubic line (ipl) is the inner margin of the illum, which forms a continuous line with the inner superior surface of the pubis. The “teardrop” (t) is labeled.








The “teardrop” is a U-shaped shadow medial to the hip joint that has been used to detect abnormalities of acetabular depth, thereby establishing a diagnosis of acetabular protrusion (Fig. 3-28). The lateral aspect of the teardrop is the wall of the acetabular fossa, and the medial aspect is the anteroinferior margin of the quadrilateral surface. The configuration of the teardrop varies in normal persons, and it is affected significantly by positioning. Differentiation of normal acetabular depth and acetabular protrusion (protrusio acetabuli) can be accomplished by careful analysis of conventional radiographs in adults. Protrusio acetabuli is diagnosed when the acetabular line projects medial to the ilioischial line by 3 mm or more in men or by 6 mm or more in women. In children, 1 mm in boys and 3 mm in girls are the corresponding values (Fig. 3-29).
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Figure 3-28 Teardrop. Frontal radiograph shows the tear-drop (t; arrows) and ilioischial line (iil; arrowheads). An “open-type” configuration of the teardrop is shown. (From Armbuster TG, Guerra J Jr, Resnick D, et al: The adult hip: An anatomic study. Part I. The bony landmarks. Radiology 128:1, 1978.)
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Figure 3-29 Acetabular protrusion. A protrusio acetabuli deformity is present when the acetabular line (al) projects medial to the ilioischial line (iil) by 3 mm or more in men and 6 mm or more in women. (From Armbuster TG, Guerra J Jr, Resnick D, et al: The adult hip: An anatomic study. Part I. The bony landmarks. Radiology 128:1, 1978.)














Soft Tissue Anatomy


The femoral head is covered with articular cartilage, although a small area exists on its surface that is devoid of cartilage, to which attaches the ligament of the head of the femur, or ligamentum teres. A fibrous capsule encircles the joint and much of the femoral neck. The capsule attaches proximally to the acetabulum, labrum, and transverse ligament of the acetabulum. Distally, it surrounds the femoral neck; in front, it is attached to the trochanteric line at the junction of the femoral neck and shaft; above and below, it is attached to the femoral neck close to the junction with the trochanters; behind, the capsule extends over the medial two-thirds of the neck. Because of these capsular attachments, the physeal plate of the femur is intracapsular, and the physeal plates of the trochanters are extracapsular. The fibers of the fibrous capsule, although oriented longitudinally from pelvis to femur, also consist of a deeply situated circular group of fibers termed the zona orbicularis. The fibrous capsule is strengthened by surrounding ligaments, including the iliofemoral, pubofemoral, and ischiofemoral ligaments. The external surface of the capsule is covered by musculature and separated anteriorly from the psoas major and iliacus by a bursa. In this area, the joint may communicate with the subtendinous iliac bursa (iliopsoas bursa) (Fig. 3-30).
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Figure 3-30 Normal anatomy. A, Capsular ligaments of hip, anterior view. The iliofemoral ligament extends anterior to the pubofemoral ligament. A gap may persist at this crossing, which allows communication between the iliopsoas bursa and the hip joint. B, Capsular ligaments of hip, posterior view. The iliofemoral and ischiofemoral ligaments are thick posteriorly and without inherent areas of weakness. The zona orbicularis is created by the crossing of the hip ligaments.








A number of periarticular fat planes have been described that can be recognized on radiographs and, when disturbed, may indicate significant intra-articular disease. Four fatty layers can be identified on anteroposterior radiographs (Fig. 3-31): fat plane 1 is medial to the obturator internus muscle; fat plane 2 is medial to the iliopsoas muscle; fat plane 3 is between the gluteus medius muscle (lateral) and the gluteus minimus muscle (medial); and fat plane 4 has been termed the “capsular” fat plane, although more recent evidence suggests that this fat pad is not related to the joint capsule but lies between the rectus femoris and tensor fasciae latae muscles.




[image: image]


Figure 3-31 Periarticular fat planes. The fat planes include fat plane 1 (obturator internus [oif]), fat plane 2 (iliopsoas [ipf]), fat plane 3 (gluteus [gf]), and fat plane 4 (“capsular” [cf]). In each instance, arrowheads indicate the distances from the fat plane to adjacent osseous structures. (From Guerra J Jr, Armbuster TG, Resnick D, et al: The adult hip: An anatomic study. Part II: The soft-tissue land-marks. Radiology 128:11, 1978.)








The iliopsoas bursa represents the largest and most important bursa about the hip. It is present in 98% of hips and is located anterior to the joint capsule. It may extend proximally and communicates with the joint space in approximately 15% of normal hips. Extension of hip disease into this bursa has been recognized in a variety of articular diseases. Bursae about the gluteus muscles also may be demonstrated anatomically and radiographically. The bursa deep to the gluteus medius is larger than that deep to the gluteus minimus. Both bursae are intimate with the greater trochanter, and bursitis can lead to pain and soft tissue calcifications in this region.




















KNEE


In this joint, three functional spaces exist: the medial femorotibial space, the lateral femorotibial space, and the patellofemoral space.








Osseous and Soft Tissue Anatomy


The lower end of the femur contains a medial and lateral condyle, separated posteriorly by an intercondylar fossa, or notch. The medial condyle is larger than the lateral condyle and possesses a superior prominence called the adductor tubercle for attachment of the tendon of the adductor magnus muscle. Below this tubercle is a ridge, the medial epicondyle. The lateral condyle possesses a similar protuberance, the lateral epicondyle. The patella, the largest sesamoid bone of the body, is embedded within the tendon of the quadriceps femoris. It is oval in outline, with a pointed apex on its inferior surface. The ligamentum patellae (i.e., patellar tendon), a continuation of the quadriceps tendon, is attached to the apex and adjacent bone of the patella.


Articular surfaces of the femur, tibia, and patella are not congruent. The articular surface of the femur comprises the condylar areas and the patellar surface. A shallow groove is present between each condylar surface and the patellar surface. The surface on the lateral femoral condyle appears circular, whereas that on the medial femoral condyle is large and oval, elongated in an anteroposterior direction. The tibial articular surfaces are the cartilage-clothed condyles, each with a central hollow and peripheral flattened area. The adjacent articular surfaces of the tibia and femur are fitted together more closely by the presence of the medial and lateral menisci. The medial meniscus is nearly semicircular, with a broadened or widened posterior horn. The peripheral aspect of the medial meniscus is attached to the fibrous capsule and tibial collateral ligament. The lateral meniscus, which is of relatively uniform width throughout, resembles a ring. The lateral meniscus is grooved posteriorly by the popliteus tendon and its accompanying tendon sheath. Meniscofemoral ligaments, both anterior and posterior, represent attachments of the posterior horn of the lateral meniscus. A transverse ligament connects the convex anterior portions of both menisci (Fig. 3-32).
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Figure 3-32 Meniscal anatomy. Drawings of tibial articular surfaces without (upper) and with (lower) the addition of soft tissue structures. Note the medial condyle (mc), lateral condyle (lc), intercondylar eminences (ie), anterior intercondylar area (a), and posterior intercondylar area (p). Soft tissue structures are the medial meniscus (mm), lateral meniscus (lm), posterior cruciate ligament (pcl), posterior meniscofemoral ligament (pml), and anterior cruciate ligament (acl).








The articular surface of the patella is oval and contains an osseous vertical ridge that divides it into a smaller medial area and a larger lateral area. This patellar ridge fits into a corresponding groove on the anterior, or trochlear, surface of the femur. The patellar articulating surface is subdivided further by two poorly defined horizontal ridges of bone into three facets on either side. One additional vertical ridge of bone separates a narrow elongated facet on the medial border of the articular surface. Contact between these various patellar articular facets and the femur varies, depending on the position of the knee.


Trabecular architecture about the knee has been studied, and Blumensaat’s line is identified as a condensed linear shadow on the lateral radiograph representing tangential bone in the intercondylar fossa. The location and appearance of Blumensaat’s line are extremely sensitive to changes in knee position. In the past, Blumensaat’s line was used to provide an indication of the relative position of the patella in lateral projections. Elevation of the distal pole of the patella above this line with the knee flexed 30 degrees was used as an indicator of patella alta (an elevated position of the patella). More recently, other measurements on lateral radiographs have been suggested as more reliable indicators of patellar position (Fig. 3-33). Determination of the ratio of patellar tendon length to greatest diagonal length of the patella has revealed that in the normal situation, both measurements are approximately equal, with a variation of about 20%. A modification of this technique uses the ratio of the distance between the inferior articular surface of the patella and patellar tendon insertion to the length of the articular surface of the patella; a value greater than 2 is considered evidence of patella alta. Another method involves determining the distance between the lower articular surface of the patella and the tibial plateau line. The ratio of this value over the length of the patellar articular surface in normal persons has been reported to be approximately 0.8. The diagnosis of patella alta may have clinical significance, as an abnormally high position of the patella has been recorded in chondromalacia patellae and patellar subluxation or dislocation, whereas a high or low position of the patella has been noted in Osgood-Schlatter disease.
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Figure 3-33 Patellar position. A, The ratio of patellar tendon length to the greatest diagonal length of the patella can be used to diagnose patella alta. B, The ratio of the distance between the lower articular surface of the patella and the tibial plateau line to the length of the patellar articular surface has also been used for this purpose. C, Merchant and coworkers (J Bone Joint Surg Am 56:1391, 1974) suggested that on an axial radiograph, the line connecting the median ridge of the patella (r) and trochlear depth (2) should fall medial or slightly lateral to a line (O) bisecting angle 1-2-3. Here, the first line lies medial to line O, a normal finding. D, Laurin and coworkers proposed other measurements that might be appropriate. The upper two diagrams reveal the normal situation; the lower two diagrams indicate the abnormal situation. On axial radiographs, an angle formed between a line connecting the anterior aspect of the femoral condyles (1) and a second line along the lateral facet of the patella (2) normally opens laterally. In patients with sub-luxation or abnormal tilting of the patella, these lines are parallel, or the angle of intersection opens medially. (D, From Laurin CA, Levesque HP, Dussault R, et al: The abnormal lateral patellofemoral angle: A diagnostic roentgenographic sign of recurrent patellar subluxation. J Bone Joint Surg Am 60:55, 1978.)








The normal relationships of the anterior surface of the femur and the patella have been studied using axial radiographs (see Fig. 3-33) and computed tomography scanning. In the lateral projection of a mildly flexed knee, the collapsed suprapatellar pouch creates a sharp vertical radiodense line between an anterior fat pad superior to the patella (anterior suprapatellar fat) and a posterior fat pad in front of the distal supracondylar region of the femur (prefemoral fat pad) (Fig. 3-34). This line is generally less than 5 mm wide but may be between 5 and 10 mm. Shadows of increased thickness suggest the presence of intra-articular fluid.
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Figure 3-34 Diagnosis of a synovial effusion in the knee. In normal situations, the collapsed suprapatellar pouch creates a radiodense area (arrows) that is generally less than 5 mm wide but may be between 5 and 10 mm wide.



























TIBIOFIBULAR JOINTS



Osseous and Soft Tissue Anatomy





Articulations uniting the tibia and the fibula are the proximal (superior) tibiofibular joint (synovial), the crural interosseous membrane (syndesmosis), and the distal tibiofibular joint (syndesmosis). These joints allow limited movement of the fibula with respect to the tibia.


















Proximal Tibiofibular Joint.


The major functions of the proximal tibiofibular joint are dissipating torsional stresses applied at the ankle and providing tensile rather than significant weight-bearing strength. On an anteroposterior radiograph, the medial aspect of the fibular head, which is the actual articulating surface, crosses the lateral border of the tibia. On a lateral radiograph, the fibular head overlies the posterior border of the tibia. Its proper position in this projection can be confirmed by identifying its relationship to the lateral tibial condyle. An important landmark on the lateral knee radiograph for locating the exact position of the fibular head is formed by the posteromedial portion of the lateral tibial condyle. If a line is drawn in an anterior to posterior direction along the lateral tibial spine and continued inferiorly along the posterior aspect of the tibia, this line will identify a groove that separates the midportion of the tibial shaft from the bulk of the bone forming the supporting structure of the lateral tibial condyle posteriorly. The sloping radiodense line observed on the lateral knee radiograph proceeds first posteriorly and inferiorly to form an acute angle posteriorly, which identifies the most posteromedial portion of the lateral tibial condyle. The radiodense line then extends inferiorly and anteriorly from this point in the groove described previously. Knowledge of the exact location of this line greatly assists in the interpretation of lateral knee radiographs in cases of tibiofibular joint dislocation (Fig. 3-35).
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Figure 3-35 Ankle joint anatomy. A, Drawing of a coronal section through the distal ends of the tibia, fibula, and talus, outlining the ankle joint (large arrowheads), interosseous ligament (il) of the tibiofibular syndesmosis, interosseous talocalcaneal ligament (tcl), portions of the deltoid ligament (dl), posterior talofibular ligament (tfl), calcaneofibular ligament (cfl), surrounding tendons, subtalar joint (small arrow-head), and talocalcaneonavicular joint (arrow). B, Some of the same structures in (A) can be identified in a drawing of a sagittal section of the ankle. Additional articulations are the calcaneocuboid (cc), cuneonavicular (cun), and tarsometatarsal (tmt) joints.




















Crural Interosseous Membrane.


The crural interosseous membrane is tightly stretched between the interosseous borders of the tibia and fibula. Its upper limit is just inferior to the proximal tibiofibular joint, and its lower limit contains fibers that blend with those about the distal tibiofibular joint. The oblique fibers in the crural interosseous membrane extend inferiorly and laterally from tibia to fibula. A large oval opening in the superior aspect of the membrane allows passage of the anterior tibial vessels; a smaller distal opening allows passage of the perforating branch of the peroneal artery.














Distal Tibiofibular Joint.


This fibrous joint consists of a strong interosseous ligament that unites the convex surface of the medial distal fibula and the concave surface of the adjacent fibular notch of the tibia. Additionally, the anterior and posterior tibiofibular ligaments reinforce this articulation. Below this ligamentous joint, an upward prolongation of the synovial membrane of the ankle (talocrural joint) can extend 3 to 5 mm. This synovial recess may be associated with cartilaginous surfaces on the tibia and fibula.
































ANKLE (TALOCRURAL JOINT)


This synovial articulation exists where the talus relates to the lower ends of the tibia and fibula and to the inferior transverse tibiofibular ligament.








Osseous Anatomy


The distal end of the tibia contains the medial malleolus and articular surface. The broad malleolus has an articular facet on its lateral surface, which is comma-shaped. On the posterior surface of the distal end of the tibia is a groove, just lateral to the medial malleolus, related to the tendon of the tibialis posterior muscle. The inferior surface of the tibia represents the articular area for the talus. It is smooth and wider anteriorly than posteriorly. The triangular fibular notch is on the lateral side of the tibia. This notch represents the site of attachment of various ligaments that connect the distal portions of the tibia and fibula. The distal end of the fibula contains the lateral malleolus. This structure projects more inferiorly than the medial malleolus and contains a triangular facet on its medial surface for articulation with the talus and an irregular surface above this facet for the interosseous ligament. Posterior to the convex articular facet is a depression, the malleolar fossa.


Assessment of alignment of the ankle on radiographs is important in the post-trauma evaluation of this joint. Small degrees of lateral displacement of the talus on the tibia may result in the rapid development of secondary degenerative arthritis. It has been shown that even 1 mm of lateral displacement of the talus reduces the tibiotalar contact area by 42%. Incomplete ligament tears may result in relatively small amounts of displacement, which may be difficult to detect radiographically.


In adults, the coronal plane of the ankle is oriented in about 15 to 20 degrees of external rotation with reference to the coronal plane of the knee; therefore, the lateral malleolus is slightly posterior to the medial malleolus. To obtain a true anteroposterior film of the tibiotalar articulation, the ankle must be positioned with the medial and lateral malleoli parallel to the tabletop–that is, in about 15 to 20 degrees of internal rotation, or the mortise view. This positioning places the medial articular surface tangent to the x-ray beam, and the short concave line representing the posteromedial surface of the talus falls slightly lateral to the medial articular surface.


The axial relationships of the ankle have been described. The longitudinal axis of the tibia is perpendicular to the horizontal plane of the ankle joint and is continuous with the longitudinal axis of the talus. The tibial angle, the angle formed by the intersection of one line drawn tangentially to the articular surface of the medial malleolus and a second line drawn along the articular surface of the talus, averages 53 degrees (range, 45 to 61 degrees). The fibular angle, drawn in a corresponding way using the lateral malleolus rather than the medial malleolus, averages 52 degrees (range, 45 to 63 degrees).














Soft Tissue Anatomy


The fibrous capsule is attached superiorly to the medial and lateral malleoli and tibia and inferiorly to the talus. The talar attachment of the capsule is close to the margins of the trochlear surface, except anteriorly, where the attachment to the neck of the talus is located at some distance from the articular margin. The capsule is weak both anteriorly and posteriorly, but it is reinforced medially and laterally by various ligaments. Surrounding ligaments include the deltoid, anterior and posterior talofibular, and calcaneofibular ligaments.




















TENDON SHEATHS AND BURSAE ABOUT THE ANKLE AND CALCANEUS


Tendons with accompanying tendon sheaths are intimate with the ankle joint. Anteriorly, there are sheaths about the tibialis anterior, extensor hallucis longus, extensor digitorum longus, and peroneus tertius tendons. Medially, sheaths are present about the tibialis posterior, flexor digitorum longus, and flexor hallucis longus tendons. Laterally, the common sheath of the peroneus longus and peroneus brevis tendons is seen.


Important tendons, aponeuroses, and bursae are located about the calcaneus. The plantar aponeurosis contains strong fibers that adhere to the posteroinferior surface of the bone. It has central, medial, and lateral components. The Achilles tendon, which is the thickest and strongest human tendon, attaches to the posterior surface of the calcaneus approximately 2 cm below the upper surface of the bone. The plantaris tendon is located medial to the Achilles tendon. The retrocalcaneal bursa exists between the Achilles tendon and the posterosuperior surface of the calcaneus.


On normal radiographs, the Achilles tendon has a thickness of 4 to 8 mm at the level of the calcaneus or 1 to 2 cm above the top of the calcaneus (Fig. 3-36). A vertical radiolucent area, the retrocalcaneal recess, measures 2 mm or more in length and extends from the posterior aspect of the calcaneus behind the posterior portion of the bone, reflecting fat adjacent to the normal retro-calcaneal bursa (Fig. 3-37). The appearance of the retrocalcaneal recess can be influenced by severe dorsi-flexion or plantar flexion of the foot.
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Figure 3-36 Achilles tendon: normal radiographic measurements. The thickness of the Achilles tendon is noted at the level of the calcaneus and at 1 and 2 cm above it. The determination of the calcaneal-talar angle guarantees that the radiograph has been taken in a “neutral” position. This angle is formed by the intersection of two lines–one drawn along the longitudinal axis of the tibia (T) and the second drawn along the top of the calcaneus (C). With proper positioning in normal persons, this angle varies from approximately 90 to 140 degrees. (From Resnick D, Feingold ML, Curd J, et al: Calcaneal abnormalities in articular disorders. Rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, and Reiter syndrome. Radiology 125:355, 1977.)
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Figure 3-37 Retrocalcaneal recess: normal appearance. This recess appears as a triangular radiolucent area between the Achilles tendon and calcaneus. It is normally 2 mm or longer (between arrows). (From Resnick D, Feingold ML, Curd J, et al: Calcaneal abnormalities in articular disorders. Rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, and Reiter syndrome. Radiology 125:355, 1977.)
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CHAPTER 4


Articular Cartilage: Morphology, Physiology, and Function


Wayne H. Akeson, Constance R. Chu and William Bugbee




SUMMARY OF KEY FEATURES


Articular cartilage is a highly specialized tissue. The components of the matrix in which the chondrocytes are dispersed, as well as the cells themselves, are important in allowing articular cartilage to fulfill its special functions related to chemistry, synthesis, maturation, and unique interactions. The mechanisms for load carriage, lubrication, and nutrition and their interrelationships are also related to the functional properties of cartilage.
















INTRODUCTION


Articular cartilage is a unique tissue in many respects, but especially with regard to its structural, metabolic, and functional interactions. Articular cartilage possesses unparalleled functional efficiency. Such efficiencies are achieved despite stringent limitations imposed on the tissue, including a lack of blood supply, a tissue thickness that measures only a few millimeters at most, and a limited repair capability.














OVERVIEW OF CARTILAGE FUNCTION


A useful analogy for the morphology and biochemistry of articular cartilage is the air tent seen in parts of the country as a cover for recreational areas such as swimming pools or tennis courts (Fig. 4-1). The requirements for the tent are a membrane (fabric cover), an inflation medium (air), and an energy source to keep the tent inflated (fan). These elements are interrelated, and a deficiency in any of them results in failure of the system.
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Figure 4-1 Air tent-articular cartilage analogy. It is conceptually useful to think of cartilage as a pressurized structure such as an air tent. The system requires a pump, which must be working constantly to maintain inflation of the system because of leaks through the fabric. In the case of cartilage, the surface membrane is the fine collagen fibril network concentrated at the surface. The inflation pump is the proteoglycan molecules, and the inflation medium is an ultrafiltrate of synovial fluid. In cartilage, of course, there is no single intake vent for the inflation medium to enter; rather, the fluid that inflates the tissue enters through the same fabric pores at the surface from which it exits when compressed.








Articular cartilage is analogous to the air tent in a number of respects. There is a fabriclike structure at the cartilage surface that consists of fine collagen fibrils packed tightly in a matted pattern; this differs from the structure seen in the deeper layers, where fibers become thicker, the orientation becomes vertical, and the spaces between the fibers increase. The surface “fabric” of cartilage has tiny pores that permit fluid and small molecules access to and egress from the tissue but block the movement of large molecules. The inflation medium in articular cartilage is, of course, fluid, not air. The cartilage fluid is in equilibrium with the synovial fluid, which in turn is essentially an ultrafiltrate of plasma. The fluid in articular cartilage is significantly pressurized. The pump for the articular cartilage organ is provided by the proteoglycan aggregate molecules. These huge macromolecules are fixed within the articular cartilage fibrillar matrix as a result of their large size and volume. They are too large to move between the fibrils of collagen and much too large to exit through the small pores in the matted, capsulelike surface of the articular cartilage. Internal reactions cause fluid to be pulled into articular cartilage and cause the collagen matrix of the system to expand, creating a swelling pressure within the enclosed cartilage space. The collagen fibers are placed under tension as the fluid pressure rises. In this manner, the cartilage is pressurized and the collagen “fabric” is inflated. The equilibrium state reached is a balance that can be upset by external applied pressure. If the external pressure exceeds the internal pressure, fluid will flow outward until a new equilibrium is reached. This fluid movement is of great interest, as it explains the mechanism of several indispensable elements of the articular cartilage system, such as lubrication, load bearing, and nutrition.















COLLAGEN



Morphology of the Collagen Framework





The air tent analogy requires that a pressurized internal medium be constrained from expansion by a membrane. A matted surface layer of collagen fibrils provides this membrane-like function (Fig. 4-2). This model, though not precisely accurate, provides a functional understanding of the concept. Certainly the characteristics of surface fibers differ from those of fibers in deeper layers. The surface collagen fibrils are smaller and more closely packed than are those in the middle and deeper layers. The collagen concentration is greatest at the surface, where the small fibrils are compacted tangentially to the surface. This arrangement creates an effective pore size, which has been calculated to be about 6 nm. The largest molecule that can traverse a pore of this dimension is hemoglobin. Therefore, the surface pores readily admit most of the synovial fluid molecules. Small ions and glucose, for example, easily traverse these pores, but larger molecules such as proteins and hyaluronan (hyaluronic acid) do not enter cartilage in significant amounts under normal conditions.
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Figure 4-2 Schematic diagram of the collagen fibril orientation within articular cartilage. The fibrils are tightly packed near the articular surface in a tangential layer that has been termed the armor plate layer. Fibrils in the deeper layers become progressively larger as they approach the subchondral bone layer. The fibrils also are more widely spaced in the deeper layers of cartilage. The change in orientation from tangential to perpendicular in the deeper layers creates a pattern that has been termed an arcade. The collagen fibrils anchor into the subchondral bone layer after traversing the calcified cartilage, which is demarcated by a change in staining properties termed the tidemark line. The anchoring of these fibrils into bone is analogous to the continuation of ligamentous attachments into bone, termed Sharpey’s fibers.








Collagen fibers in the intermediate layers are no longer oriented principally tangentially to the surface but are directed obliquely or randomly. They are larger than the surface fibrils. The deepest fibrils are the largest in cartilage. They are oriented perpendicular to the joint surface. They perforate the calcified basal layers of cartilage through the tidemark regions and eventually enter the subchondral bone layer, where they are attached firmly, similar to Sharpey’s fibers of cortical bone. This anatomic arrangement is the key to the secure structural anchorage of cartilage to the bone that it overlies.


The surface pattern of the collagen framework described has been recognized implicitly for decades by the term armor plate layer, referring to the tough, resilient cartilage surface. It has been well demonstrated clinically that loss of the densely packed collagen mat at the surface of cartilage in weight-bearing regions is a prelude to fibrillation, thinning, and ensuing degenerative arthritis. The term fibrillation describes the tendency of these fibrils to be split vertically all the way to their subchondral attachment. The villus-like strands so exposed collectively resemble a shag rug.


Routine histologic techniques do not show the collagen fibrils of cartilage well; they tend to be masked by the abundant proteoglycan intertwined within the fibril network. The collagen fibril pattern can be inferred, however, by viewing sections with polarized light, because a fibrillar pattern of preferred orientation will alter the polarized light characteristically (Figs. 4-3 and 4-4).
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Figure 4-3 This photograph of an articular cartilage surface under polarized light shows differences in refractivity of the surface layer compared with deeper layers of articular cartilage. The preferred tangential orientation of the collagen fibrils at the surface creates the refractile difference seen as a bright line (×45). (Compare with Fig. 4-4.)
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Figure 4-4 Articular cartilage surface (same section as in Fig. 4-3) with the polarizing filter rotated 90 degrees, which produces a marked change in the refractile pattern. The surface is now dark rather than bright because of the predominant orientation of the tangential layer of fibrils. The arcade pattern in the deeper layers also can be perceived with the filter in this rotation, in contrast to Figure 4-3. Use of this polarized light technique identifies areas in the tissue where a predominant orientation exists, as opposed to a random pattern of fibrils.














Collagen Chemistry


Collagen constitutes 65% to 80% of the mass by dry weight of such specialized connective tissues as tendons, ligaments, skin, joint capsules, and cartilage. It is the only protein with significant tensile force-resisting properties with the exception of elastin, whose functional role is insignificant in comparison. The tensile force-resisting properties of cartilage derive from the precise molecular configuration of the collagen macromolecule. This molecule is one of the largest in the body, forming a rodlike structure. These rods are termed tropocollagen. They are assembled in a three-dimensional array in the extra-cellular environment, being somehow influenced by environmental stresses and additional biologic factors. The assembly is typically patterned in a quarter stagger, which is seen on transmission electron micrographs. The individual tropocollagen units are made up of three chains that are synthesized independently intracellularly, in the manner of other proteins (Fig. 4-5). Each chain contains about 1000 amino acids. Most of the chains (called alpha chains) are precisely ordered, with a general sequence of glycine-proline-hydroxyproline, glycine-proline-x, or glycine-x-proline, in which x is another amino acid. The higher percentages of the amino acids glycine, proline, and hydroxyproline are unique to collagen. Glycine is the smallest amino acid and permits the close packing necessary for the assembly of the three alpha chains into tropocollagen.
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Figure 4-5 Relationship of the single-strand protein of the alpha chain to the triple helix, the collagen molecule, and the fully developed fibril. The characteristic feature of the collagen molecule is its rigid and very long, narrow rodlike structure, which is created by the tight winding of three alpha chains into a triple helix termed tropocollagen. (From Prockop DJ, Kivirikko KI, Tuderman L, Guzman NA: The biosynthesis of collagen and its disorders (first of two parts). N Engl J Med 301:13, 1979.)








The assembly of the three alpha chains into tropocollagen is facilitated by a group of amino acids at the end of each alpha chain called registration peptides. The triple helix plus its registration peptide is larger than the tropocollagen molecule and is called procollagen. Once the assembly of the triple helix is completed, the registration peptides are no longer of utility and are cleaved by an enzyme, procollagen peptidase, as the procollagen passes through the cellular membrane into the extra-cellular space.


Nineteen different types of collagen have been described in vertebrates. The collagens can be divided into two major classes on the basis of their primary structure and supramolecular assembly: fibril-forming and non-fibril-forming collagens. The fibril-forming collagens include types I, II, III, V, and XI; all these types have a long, central, triple helical domain without any interruptions in the glycine-x-y sequence, in which x and y are amino acids. The rest of the collagens belong to the non-fibril-forming class. Although they vary in size, they share the feature of having imperfections in the glycine-x-y sequence. Within this class, types IX, XII, and XIV collagens form a subgroup called the fibril-associated collagens with interrupted triple helices (FACIT). They are associated with type I or II collagen fibrils and play a role in the interaction of these fibrils with other matrix components. Although their sizes and primary structures vary, they share several common structural features. Type XVI collagen also appears to be a member of this group. Four collagens have been isolated from articular cartilage: II, VI, IX, and XI (Table 4-1).




TABLE 4-1


Structurally and Genetically Distinct Collagens










	Type

	Tissue Distribution

	Molecular Form

	Chemical Characterization










	Fibrillar collagens






	 

	I

	Bone, tendon, skin, dentin, ligament, uterus, artery

	[α1–(I)]2 α2 (I)

	Hybrid composed of two kinds of chains; low in hydroxylysine and glycosylated hydroxylysine; small 67-nm banded fibril; increased content of 3-and 4-hydroxyproline and hydroxylysine as compared with the heteropolymer






	Fetal tissues, inflammatory and neoplastic states

	[α1 (I)]3







	II

	Hyaline cartilage, vitreous body

	[α1 (II)]3


	Relatively high in hydroxylysine and glycosylated hydroxylysine; small 67-nm banded fibril






	III

	Skin, artery, uterus

	[α1 (III)]3


	High in hydroxyproline and low in hydroxylysine; contains interchain disulfide bonds, associated with type I; small 67-nm banded fibril






	V

	Hamster lung cell culture

	[α1 (V)]3


	Associated with type I; small fibers; small 67-nm banded fibril; similar to type IV






	Skin, bone, fetal membranes

	[α1 (V)]2 α2 (V)






	Synovial membrane, placenta

	α1 (V) α2 (V)






	Most interstitial tissues

	α3 (V)






	XI

	Hyaline cartilage associated with type II

	α1 (XI) α2 (XI)

	67-nm banded fibril






	α3 (XI)






	FACIT collagens






	 

	IX

	Hyaline cartilage, vitreous humor

	α1 (IX) α2 (IX)

	Associated with type II; minor cartilage protein; contains attached glycosaminoglycan; NF and FACIT member; FACIT collagen 1 domain






	α3 (IX)






	XII

	Embryonic tendon and skin, periodontal ligament

	[α1 (XII)]3


	Associated with type I; NF and FACIT member; FACIT collagen 1 domain with similarities to type IX






	XIV

	Fetal tendon and skin

	[α1 (XIV)]3


	NF and FACIT member; FACIT collagen 1 domain similar to that of type IX






	XVI

	Skin fibroblast

	[α (XVI)]3


	Approximately 65% of molecules composed of repeating glycine-x-y sequences; 10 separate collagen domains, noncollagen domains contain numerous cystines and often are found in the sequence of cystine-x-y-cystine, where x and y are any amino acids






	Epidermal keratinocytes






	XIX

	Found in only a few adult tissues: brain, eye, testes

	[α1 (XIX)]3


	Five triple helix domains flanked by six nonhelical domains






	Short chain collagens






	 

	VIII

	Descemet’s membrane, endothelial cells

	α1 (VIII), α2 (VIII), α1 (X)

	NF; small helices linked in tandem






	X

	Growth plate chick embryo chondrocytes

	[α1 (X)]3


	NF; short chain; high in hydroxyproline and hydroxylysine, 25% amino acids high in aromatic residues in noncollagenous regions






	Hypertrophic mineralizing cartilage






	Basement membrane collagens






	 

	IV

	Basement membranes, including glomerular basement membrane

	[α1 (IV)]2 α2 (IV)

	NF; high in hydroxylysine and glycosylated hydroxylysine; may contain large globular regions






	Four additional chains α3 (IV)– α6 (IV) are important components of specialized basement membranes






	Multiplexins






	 

	XV

	Broadly expressed in many tissues, but particularly in internal organs

	[α1 (XV)]3


	Contain multiple triple helix domains with many interruptions






	XVIII

	Broadly expressed in many tissues, but particularly in internal organs

	[α1 (XVIII)]3


	Contain multiple triple helix domains with many interruptions






	MACITs: collagens with transmembrane domains






	 

	XIII

	A new class of cell adhesion molecule; widely expressed in human tissue, including cartilage and bone

	[α1 (XIII)]3


	Cell surface molecule with multiple extracellular triple helix domains and a transmembrane segment






	XVII

	A new class of cell adhesion molecule; a hemidesmosomal component with extracellular domains connecting with basement membrane

	[α1 (XVII)]3


	Cell surface molecule with multiple extracellular triple helix domains and a transmembrane segment






	Other collagens






	 

	VI

	Intervertebral disc, skin, vessels

	α1 (VI) α2 (VI)

	NF; 100-nm beaded microfibrils; disulfide bonds between tetramers; arginine–glycine–aspartic acid sequences






	Most interstitial tissues

	α1 (VI)






	VII

	Dermoepidermal junction anchoring fibrils produced by keratinocytes

	[α1 (VII)]3


	NF; long chain
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FACIT, fibril-associated collagen with interrupted triple helices; NF, nonfibrillar.

















Collagen Crosslinks


Stabilization of collagen occurs extracellularly after assembly into the quarter-stagger arrays that make up filaments, fibrils, and fibers. The stabilization and ultimate tensile strength of the structure are thought to result mainly from the development of intramolecular and inter-molecular crosslinks. The former occur between alpha chains of the same tropocollagen molecule; the latter occur between adjacent tropocollagen molecules. The crosslinks result from enzyme-mediated reactions involving mainly lysine and hydroxylysine.


The significance of type II collagen to cartilage is not yet known. The principal differences between this collagen and the more common type I found in fibrous connective tissue are the number of hydroxylysine molecules present and the presence of a small number of cysteine residues (see Table 4-1). The principal crosslinking residues in mature type II collagen fibrils are hydroxylysyl pyridinoline residues. Evidence is being accumulated that type IX collagen, and possibly type XI, makes a critical contribution to the organization and mechanical stability of the type II collagen fibrillar network. Type IX makes up approximately 10% of the collagen protein in fetal mammalian articular cartilage, but the amount decreases to about 1% in adult tissue. It is believed that type IX provides a covalent interface between the surface of type II collagen fibril and the interfibrillar proteoglycan domain. Type IX collagen molecules are heavily cross-linked to type II collagen and also to other type IX collagen molecules, enhancing the mechanical stability of the fibrillar network and serving as a mediator of collagen fiber architecture.


The fundamental process of collagen formation by chondroblasts and chondrocytes seems to be nearly identical to the process of synthesis by fibroblasts and fibrocytes (Fig. 4-6). The collagen turnover in cartilage proceeds at a rate not unlike that seen in connective tissue of the fibrous type. Because significant synthesis occurs in adult cartilage, it is clear that control processes for spatial orientation of the product are crucial.
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Figure 4-6 Collagen synthesis. A, Several enzymatic steps are necessary for the creation of the final collagen molecule and its maturation into a collagen fibril. These enzymatic steps take place partly within the cell and partly outside the cell. Even those steps that occur inside the cell are post-translational; that is, they are not directly under genetic control. However, they are essential for the proper development of the final structure. Defects in many of the steps have been identified in a variety of heritable disorders of connective tissues. The final aggregation of collagen into a structure that becomes crosslinked is essential to produce the requisite tensile stress-resistant properties characteristic of mature connective tissue. B, The assembly of tropocollagen II units into fibers and fibrils in cartilage is controlled in part by the minor collagens. Type IX collagen is a surface molecule that binds to type II and to itself. Its side arms interfere with further growth of the fiber by steric interference with the addition of more type II molecules. Type XI collagen is located in the core of the fiber and is also thought to be important in the determination of ultimate fiber size. Type XI is present in largest quantities in small fibers. Type X is found in growth plate cartilage, not in articular cartilage. (A, From Levene CI: Diseases of the collagen molecule. J Clin Pathol Suppl 12:82, 1978.)


























PROTEOGLYCANS OF ARTICULAR CARTILAGE


The proteoglycans of articular cartilage serve as the “pump” of the highly pressurized cartilage system. The characteristics of the proteoglycan molecules that permit this crucial function include their very large size and hence their immobility within the collagen fibril meshwork; their densely concentrated, fixed negative charges; and their large number of hydroxyl groups. Collectively, these characteristics serve to attract water and small ions into the cartilage. The sum of this attraction is termed the swelling pressure, which consists of osmotic forces, ionic forces, and Donnan forces.


The original term applied to this group of molecules was acid mucopolysaccharides. The more precise chemical term glycosaminoglycans has been accepted as preferable. The preferred term for hyaluronic acid is now hyaluronan. In most of the glycosaminoglycan molecules, hexosamine alternates with another sugar polymerized in a repeating disaccharide pattern. The predominance of the amine group in this configuration is the reason for the occurrence of amino in the term glycosaminoglycan. The disaccharide repeating unit for the glycosaminoglycans of articular cartilage is chondroitin 4-sulfate, chondroitin 6-sulfate, hyaluronan, and keratan sulfate (Fig. 4-7). The glycosaminoglycans are covalently bound to core protein in a structure termed aggrecan. The aggrecan structure locates relatively short keratan sulfate side arms prefer-entially close to the linkage region to hyaluronan.
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Figure 4-7 Disaccharide configuration of the principal glycosaminoglycans of the proteoglycan constituents of articular cartilage. A, Molecular configuration of chondroitin 4-sulfate. This differs from chondroitin 6-sulfate (B) only in the location of the sulfate group on the hexosamine molecule. Both contain alternating glucuronic acid and galactosamine sugars. B, Chondroitin 6-sulfate. C, Hyaluronan contains alternating molecules of glucosamine and glucuronic acid but lacks a sulfate group. D, Keratan sulfate contains galactose rather than a uronic acid moiety in the disaccharide. The hexosamine is glucosamine, which is sulfated in the C6 position.








The ability of proteoglycan to aggregate further by combining with hyaluronan is facilitated and stabilized by small proteins called link proteins. Much attention has been given to the degree of aggregate formation in various tissues and in various pathologic conditions. Clearly, the ability of the proteoglycan molecule to form aggregates of even greater molecular size amplifies its physiologic functional properties as the pump of the system.


In distinction to the covalent linkage of glycosamino-glycans to core protein in proteoglycan subunit, the linkage of proteoglycan subunit to hyaluronan is noncovalent. The linkage is facilitated and strengthened by low-molecular-weight link proteins. Three link proteins have been identified in canine and human articular cartilage. Cartilages from different sources possess differing percentages of aggregation of proteoglycan, but factors controlling this process are not yet fully understood.














FLUID OF ARTICULAR CARTILAGE


As was noted in the air tent analogy, the inflation medium of articular cartilage is synovial fluid. This is essentially an ultrafiltrate of plasma plus hyaluronan. The hyaluro-nan molecules are too large to enter cartilage through its surface pores, but most of the remaining ions and molecules of normal synovial fluid, such as water, sodium, potassium, and glucose, are sufficiently small to pass through these pores easily. Movement of fluid into and out of cartilage occurs to some extent by diffusion, but diffusion by itself does not seem adequate to provide for cartilage health. Most of the fluid of articular cartilage is water. The percentage of water in cartilage ranges from more than 60% to nearly 80%. Net flow into and out of cartilage is induced by the normal weight-bearing function of synovial joints. The rate of fluid movement permitted by the small surface pore size and the cartilage microarchitecture, however, is sufficiently slow that cartilage is compressed only partially even after loading for hours. The fluid movement that occurs during the loading process appears to be important for lubrication of the joint surfaces as well as for load carriage. This process provides a fluid film that minimizes cartilage-cartilage contact, thus also minimizing wear.














NUTRITION


Fluid movement is necessary not only for load carriage and lubrication but also for nutrition of the chondro-cytes. Cartilage nutrition derives almost entirely from synovial fluid. The pumping action of fluid into and out of cartilage during loading and unloading appears to be a key to this process. Joints that are immobilized suffer relatively quickly in a number of important respects. The metabolic activity of cells appears to be affected, as a loss of proteoglycan and an increase in water content are soon observed. The normal white, glistening appearance of the cartilage changes to a dull bluish color, and the cartilage thickness is reduced. How much of this process is due to nutritional deficiency and how much is due to an upset in the stress-dependent metabolic homeostasis is not yet clear.














METABOLISM OF ARTICULAR CARTILAGE


It should come as no surprise that articular cartilage–a highly specialized, functionally complex tissue–should be active metabolically. The specialized functional structures of cartilage–the collagen fabric and the proteoglycan pump–require constant maintenance and renewal. By most measures of cellular activity, cartilage cells are nearly as active metabolically as are other cell types from relatively avascular tissue sources.


Chondrocytes use anaerobic pathways for the most part, a choice well suited to the relative isolation of the cells, their lack of cell-to-cell contact, and their remoteness from capillary beds. Proteoglycan aggregation and collagen crosslinking both occur outside the cell. In this respect, the chondrocyte is able to avoid the troublesome problem of exporting and properly locating molecules that are much too large to diffuse through cartilage matrix. As it is, proteoglycan and procollagen are among the largest molecules that mammalian cells are called on to synthesize. Each chain of procollagen has more than 1000 amino acids. Therefore, the messenger RNA is necessarily one of the largest in the cellular protein synthetic apparatus.














ENZYMES OF ARTICULAR CARTILAGE


The continuation of normal function of articular cartilage depends on the special properties of the constituents of cartilage matrix and the maintenance of their normal concentration within the matrix. If the normal rate of degradation is increased or if synthesis of new matrix is interfered with, the concentration of the various articular cartilage components will change, and this is manifested by a particular disease process. The production, release, and actions of the various enzymes affecting articular cartilage are of primary importance in most articular cartilage diseases. Naturally occurring inhibitors exist in the synovial fluid or serum that can modify the actions of the matrix-degrading enzymes. Most of these inhibitors, however, are relatively large molecules that cannot reach the enzymes in the matrix unless the latter diffuse out of the matrix or until degradation of the matrix causes an increase in its normal impermeability to large molecules. The enzymes active on articular cartilage matrix can be divided into endogenous enzymes peculiar to the cartilage itself and exogenous enzymes arising in the synovium, polymorphonuclear leukocytes, macrophages, or blood serum.








Endogenous Enzymes


Lysosomes are intracytoplasmic vacuoles enclosed by a lipoprotein membrane; they contain a number of enzymes responsible for digestion of the proteoglycan and collagen molecules of articular cartilage matrix. Chondrocytes may be stimulated to release the lysosomal enzymes to the exterior of the cell, where initial degradation of the macro-molecules occurs. Subsequently, diffusion of products from the matrix for intracellular digestion in the secondary or digestive lysosomes occurs. In this group of enzymes are the cathepsins, which have maximal activity at acid pH and little or no activity at the neutral pH of the cartilage matrix.














Exogenous Enzymes


The exogenous enzymes affecting articular cartilage matrix may arise from the synovium of the joint and be secreted into the synovial fluid from lysosomes of lining cells. Enzymes in this category include protease, collagenase, and hyaluronidase. In addition, in pathologic situations, when polymorphonucleocytes and macrophages reach the joint cavity, they may secrete a collagenase, lysozyme, or neutral protease, the last being distinguished from the proteases occurring in the synovial membrane. Collagenases have been implicated in several types of arthritis and have been detected in the synovium in patients with rheumatoid arthritis and nonspecific inflammatory synovial conditions. All synovial tissues have the capacity to produce collagenase; however, it is likely that only in states of chronic proliferative synovitis and inflammation is collagenase produced in sufficient quantities to bring about the destruction of articular tissue. Although type II collagen is a poorer substrate for collagenase than is interstitial type I collagen, cleavage of the triple helix of collagen can be augmented significantly by raising the temperature above the normal range of 33°C to 36°C. Thus, in an inflamed joint affected by rheumatoid arthritis in which the joint temperature is raised, the rate of cartilage degradation by collagenase would be increased.




















ENZYMES IN ARTICULAR CARTILAGE DISEASE PROCESSES


The avascular nature of adult cartilage has a bearing on its limited capacity to respond to various insults, whether inflammatory, mechanical, or biomechanical. Thus, although adult joint cartilage has some potential for repair, a given insult usually results in a degenerative lesion mediated by endogenous or exogenous enzymes.








Osteoarthritis


The cause of articular cartilage destruction in osteoarthritis may be mechanical, but part of the matrix degradation is likely due to enzymatic action. An increase in the activity of enzymes involved in the normal turnover of the matrix may occur, or the degradation may be due to the production and release of special enzymes. The fact that secondary lysosomes are rare in normal articular cartilage but are found readily in the chondrocytes of osteoarthritic cartilage adds weight to this theory. The degradation process is mainly extracellular, but it may be completed within the cell. Several endogenous enzymes have been implicated in osteoarthritis. Although a collagenase capable of splitting the collagen molecule has not been found in normal cartilage, it is present in osteoarthritic human cartilage and is believed to be extralysosomal in origin. It probably is present in minute quantities, and its demonstration indicates prior removal of an inhibitor. Collagenase does occur in the synovial tissue of joints affected by osteoarthritis and has been produced by synovial explants from joints affected by osteoarthritis, but in lesser amounts than in rheumatoid arthritis. In severe osteoarthritis, however, total loss of articular cartilage occurs. Lysozyme also has been implicated in osteoarthritic lesions by the finding of significant elevations of the enzyme in hip and knee joint cartilage affected by osteoarthritis. Various cytokines likewise are important in the development of osteoarthritis.


One additional aspect of the effect of enzymes in the osteoarthritic process is the nature of the matrix synthesis response of chondrocytes to lysosomal enzymes. Although the collagen content of osteoarthritic cartilage does not change, the cartilage synthesizes type I collagen in addition to the usual type II collagen. Thus, the enzymes alter the function of chondrocytes, causing them to synthesize nonspecific collagen molecules, which might lead to weakening of the mechanical structure of the cartilage and its subsequent mechanical destruction.














Rheumatoid Arthritis


Rheumatoid arthritis is characterized by the destruction of articular cartilage and comprises three interrelated processes: inflammation, synovial proliferation, and tissue destruction. An autoimmune stimulus to the synovial lining cells is involved in this disease and causes inflammation, hyperplasia, and hypertrophy of the cells. The resulting inflammatory rheumatoid tissue, or pannus, growing over and under the articular cartilage is thought to release greatly increased amounts of intracellular lysosomal enzymes, which irreversibly destroy proteo-glycan and collagen to produce the erosive focal lesion in the cartilage. Other cellular sources for lysosomal enzyme release are the polymorphonuclear leukocytes and lymphocyte clusters that are present in large numbers in the inflamed synovial cavity and in the synovium, respectively, in rheumatoid arthritis. In addition, the levels of lysozyme in serum and synovial fluid are increased in rheumatoid arthritis and may accompany the loss of cartilage glycosaminoglycans seen in this disease. In contradistinction, in the arthritis of systemic lupus erythe-matosus, in which usually no cartilage destruction occurs, normal serum lysozyme levels are seen. The fact that continued inflammation hastens cartilage lysis implies that treatment should involve the suppression of inflammation to reduce lysosomal protease accumulation and synovial collagenase production.














Pyogenic Arthritis


The result of untreated pyogenic arthritis is a severe and rapid destruction of joint cartilage, which invariably evolves into an osteoarthritic process and possibly leads to fibrous or bony ankylosis. The extensive proteoglycan degradation of cartilage is due to the action of several proteinases, which may be derived from neutrophil leukocytes. The leukocytes can release their lysosomal enzymes on encountering bacteria or after the eventual death of the leukocytes. The proteinases incriminated are elastase, cathepsin G, and collagenase, all of which are active at neutral pH. In the body, various inhibitors are secreted into the synovial fluid that can prevent the extracellular activity of the above-mentioned enzymes. It seems logical, however, that in the treatment of septic joints, removal of polymorphonuclear leukocytes by operation or aspiration is essential to minimize cartilage destruction.
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CHAPTER 5


Arthrography, Tenography, and Bursography




SUMMARY OF KEY FEATURES


Although contrast opacification of joint cavities (arthrography), tendon sheaths (tenography), and bursae (bursography) has been used less frequently in recent years, owing to increased reliance on magnetic resonance (MR) imaging, such opacification still has important clinical applications.


Arthrographic procedures generally are simple to perform, and the information they provide may be essential for proper diagnosis and treatment. The technique is used alone or in combination with other technologic methods, such as fluoroscopy, conventional and computed tomography (arthrotomography), and digital radiography. Normal and abnormal arthrographic findings at specific locations in the body are described. Arthrographic abnormalities in patients with joint prostheses are described in Chapter 14.
















INTRODUCTION


Arthrography is applicable in the evaluation of many different joints and can be coupled with fluoroscopy, conventional and computed tomography, digital radiography, and MR imaging. Various radiopaque and radiolucent (air or carbon dioxide) contrast media exist that can be used separately as a single-contrast technique or combined as a double-contrast technique. The administration of epinephrine also increases the quality of arthrograms by reducing simultaneously the egress of contrast material from the joint and the influx of body fluid through the synovial membrane into the joint. Application of stress is a useful technique in the arthrographic evaluation of ligamentous injuries of the ankle, wrist, and first metacar-pophalangeal joint.


As performed currently, arthrography is a safe and well-tolerated procedure. Hypersensitivity reaction to iodinated contrast agent is rarely observed.














WRIST


Several indications exist for wrist arthrography (Table 5-1).




TABLE 5-1


Indications for Wrist Arthrography










	



Evaluation of:




Presence and extent of synovial inflammation


Injuries to the triangular fibrocartilage, interosseous ligaments, and joint capsule


Soft tissue masses
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Technique


Under fluoroscopic control, a needle is introduced into the wrist from a dorsal approach. Most often, the radio-carpal compartment is the site of injection, although other compartments of the wrist may be studied (see later discussion). The needle is guided under the radial lip, entering the radiocarpal compartment between the scaphoid and the radius. Approximately 2 mL of contrast agent is administered. Fluoroscopic monitoring combined with sequential spot filming, videotaping, or digital technique during the injection of contrast material allows more precise delineation of sites of abnormal compartment communication. Selective injection of the midcarpal compartment, rather than the radiocarpal compartment, has been advocated as a superior method for analysis of the scapholunate and lunotriquetral ligaments. Indeed, some authorities recommend sequential injections into the radiocarpal, midcarpal, and inferior radioulnar joints as ideal.














Normal Wrist Arthrogram


Contrast opacification of the radiocarpal compartment reveals a concave sac with smooth synovial surfaces extending between the distal end of the radius and proximal carpal row (Fig. 5-1). The prestyloid recess appears as a finger-like projection that approaches the ulnar styloid process. Volar radial recesses are located beneath the distal end of the radius. If the midcarpal joint is injected, contrast material normally extends proximally between the scaphoid and lunate and between the lunate and triquetrum to the level of the scapholunate and lunotriquetral interosseous ligaments. It extends distally into the common carpometacarpal and intermetacarpal compartments. If the distal radioulnar joint is injected, contrast material sits like a cap on the articular surface of the ulna. Communication between the radiocarpal compartment and other compartments in the wrist during arthrography may be observed in normal persons. The prevalence of such communication increases in older persons, and it may be seen in as many as 50% of asymptomatic persons.
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Figure 5-1 Wrist arthrography: normal and abnormal arthrograms. Radiocarpal joint injection, frontal view. Observe the contrast-filled radiocarpal compartment (1), which is communicating with the pisiform-triquetral compartment (9). Also note the prestyloid recess (3) and volar radial recesses (8).




















Rheumatoid Arthritis


Injection of contrast material into the radiocarpal compartment in patients with rheumatoid arthritis reveals corrugated irregularity of the contrast material and opacification of lymphatic vessels (Fig. 5-2). These findings are not specific for rheumatoid arthritis but are reliable indicators of synovial inflammation. Communication between the radiocarpal compartment and other compartments of the wrist in rheumatoid arthritis is frequent.
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Figure 5-2 Wrist arthrography: rheumatoid arthritis. Posteroanterior view after radiocarpal joint arthrography demonstrates severe synovial irregularity or corrugation (asterisk); radiocarpal compartment (1) communication with the inferior radioulnar (2), midcarpal (6), and common carpometa-carpal (7) compartments; lymphatic filling (5); and prominent volar radial recesses (8). (From Resnick D: Arthrography in the evaluation of arthritic disorders of the wrist. Radiology 113:331, 1974.)




















Trauma


The assessment of injury to the triangular fibrocartilage complex and interosseous carpal ligaments represents the major indication for wrist arthrography today. Arthrographic abnormalities occurring after wrist trauma include compartmental communication, tendon sheath visualization, and mild synovial irregularity. The pattern of compartmental communication depends on the site of trauma. With injuries to the triangular fibro-cartilage or ulnar styloid, communication between the radiocarpal and inferior radioulnar compartments is observed (Fig. 5-3). With scaphoid fractures or injuries to the interosseous ligaments between the bones of the proximal carpal row, communication between the radiocarpal and midcarpal compartments is seen (Fig. 5-4). In young persons, compartmental communication may provide presumptive evidence of the site of soft tissue injury when initial radiographs are normal. In older patients, the frequency of such communication in asymptomatic persons limits the value of wrist arthrography.
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Figure 5-3 Wrist arthrography: injury of the triangular fibrocartilage. This young man had pain over the distal end of the ulna after an injury. A radiocarpal joint arthrogram reveals communication between the radiocarpal compartment (1) and inferior radioulnar compartment (2). The midcarpal (6) and common carpometacarpal (7) compartments are also opacified. Small contrast-filled diverticula near the proximal aspect of the inferior radioulnar joint (arrowhead) may indicate a capsular tear.
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Figure 5-4 Wrist arthrography: injuries of the scaphoid and interosseous ligaments of the proximal carpal row. A, Scapholunate dissociation with disruption of the scapholunate ligament. After radiocarpal joint arthrography, contrast material has flowed from the radiocarpal compartment (1) into the midcarpal (6) and common carpometacarpal (7) compartments. Contrast material overlies the scapholunate space.B, Scapholunate dissociation with disruption of the scapholunate ligament, lunotriquetral ligament, triangular fibrocartilage, and ulnar capsule in a different patient. Computed tomography following radiocarpal joint arthrography shows that contrast material has flowed through the scapholunate ligament (1), lunotriquetral ligament (2), and triangular fibrocartilage (3). Contrast also extends through the ulnar capsule (4).




















Evaluation of Soft Tissue Masses


Although wrist arthrography can provide useful information for the surgeon evaluating a patient with an adjacent soft tissue mass, this assessment is accomplished far better by MR imaging (see Chapters 59 and 71). Such a mass may represent a synovial cyst, a ganglion cyst, or an enlarged tendon sheath.




















ELBOW


Arthrography of the elbow (Table 5-2) is not a commonly performed procedure.




TABLE 5-2


Indications for Elbow Arthrography










	



Evaluation of:




Presence and extent of synovial inflammation


Intra-articular cartilaginous and osseous bodies


Soft tissue masses


Trauma in children
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Technique


Using a lateral approach, the joint is entered between the radial head and capitulum of the humerus. Six to 10 mL of contrast material alone, 0.5 to 1 mL of contrast material plus 6 to 10 mL of air, or 8 to 12 mL of air alone is injected. The injection of contrast material alone is useful for outlining the presence and extent of synovial disorders, capsular integrity, and synovial cysts, whereas the double-contrast study or the single-contrast study with air alone may be superior in demonstrating cartilaginous and osseous defects and free intra-articular bodies.














Normal Elbow Arthrogram


On frontal radiographs, a thin layer of contrast material or air is observed between the humerus, radius, and ulna. A periradial recess is apparent about the proximal portion of the radius, which is indented where the annular ligament surrounds the bone. Proximal extension of contrast material along the anterior surface of the humerus may resemble the ears of a rabbit, the “Bugs Bunny” sign (Fig. 5-5). On a lateral radiograph, the periradial or annular recess again is apparent. In addition, coronoid (anterior) and olecranon (posterior) recesses are seen (see Fig. 5-5). Articular cartilage is of uniform thickness except for a portion of the trochlear notch of the ulna, which lacks cartilage.
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Figure 5-5 Elbow arthrography: normal arthrogram. A, Anteroposterior radiograph. Observe the thin layer of contrast material between the humerus and ulna; the proximal extension of material in front of the humerus, resembling the ears of a rabbit (arrowheads); and the periradial, or annular, recess (arrow). B, Lateral radiograph. Note the periradial, or annular, recess (arrow); the coronoid, or anterior, recess (open arrow); and the olecranon, or posterior, recess (arrowhead).




















Rheumatoid Arthritis


Synovial inflammation with hypertrophy and villous transformation accounts for an irregular outline of contrast material that may be seen in rheumatoid arthritis (Fig. 5-6). Lymphatic visualization is common, and capsular distention, sacculation, and cystic swelling may be observed.
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Figure 5-6 Elbow arthrography: rheumatoid arthritis. Arthrogram from a 50-year-old man with rheumatoid arthritis and a periarticular mass caused by a synovial cyst. The arthrogram outlines distal cystic dilatation of the articular cavity with irregular synovium (arrows). (From Ehrlich GE: Antecubital cysts in rheumatoid arthritis—a corollary to popliteal [Baker’s] cysts. J Bone Joint Surg Am 54:165, 1972.)








Nodular filling defects within the contrast-filled elbow joint may represent hypertrophied synovium, as in rheu-matoid arthritis, or synovial masses associated with pig-mented villonodular synovitis and idiopathic synovial (osteo)chondromatosis (Fig. 5-7).
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Figure 5-7 Elbow arthrography: idiopathic synovial (osteo)-chondromatosis. A lateral view after arthrography delineates irregular nodular filling defects (arrowheads) that represent cartilaginous foci resulting from synovial metaplasia.




















Trauma


Opacification of the traumatized elbow joint, particularly after the introduction of air or air and contrast material, may reveal cartilaginous and osseous defects associated with osteochondritis dissecans. Contrast medium may dissect beneath the adjacent osseous fragment or reveal loose or embedded bodies elsewhere in the joint cavity. Computed arthrotomography also may be used (Fig. 5-8).
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Figure 5-8 Elbow computed arthrotomography: intra-articular osseous bodies. A, The initial radiograph reveals multiple osseous bodies both in front of and behind the distal portion of the humerus. B, After the introduction of 10 mL of air, a transaxial computed tomography (CT) scan at the approximate level indicated in (A) confirms the intra-articular location of several of the bodies (arrowheads). A, anterior; P, posterior. C, Reformatted sagittal CT image in a different patient shows a loose body anterior to the distal humerus (long arrow). This patient had spondyloepiphy-seal dysplasia. Note the overgrowth of cartilage along the posterior aspect of the radial head (short arrow).


























SHOULDER


Arthrography of the glenohumeral joint (Table 5-3) is an aid to the diagnosis of rotator cuff tear, adhesive capsulitis, previous dislocation, articular disease, and bicipital tendon abnormalities.




TABLE 5-3


Indications for Glenohumeral Joint Arthrography










	



Evaluation of:




Rotator cuff tears


Adhesive capsulitis


Bicipital tendon abnormalities


Previous dislocations


Presence and extent of synovial inflammation
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Technique


Both single-contrast and double-contrast examinations have been advocated for glenohumeral joint arthrography. Conventional and computed arthrotomography may be necessary in certain situations.


















Single-Contrast Examination.


Ten to 15 mL of iodinated contrast material is injected into the glenohumeral joint from an anterior approach. Anteroposterior radiographs are obtained in internal and external rotation, and axillary and tangential bicipital groove radiographs are also obtained. This series of radiographs is repeated after moderate exercise of the shoulder.














Double-Contrast Examination.


Double-contrast shoulder arthrography employs 1 to 4 mL of iodinated contrast agent and 10 to 15 mL of air. The patient then sits upright with a 2.3-kg (5-lb) sandbag in his or her hand. Radiographs in internal and external rotation are obtained with or without a spot film device. The patient returns to the supine position, and internal rotation, external rotation, axillary, and bicipital groove films are made. These radiographs can be repeated after mild exercise of the shoulder. With this technique, the width of the rotator cuff tear and the integrity of cuff tendons can be assessed. In addition, the internal structures of the joint, including the glenoid labrum, are better identified.
































Normal Glenohumeral Joint Arthrogram


Contrast material is identified between the humeral head and the glenoid (Figs. 5-9 and 5-10). On radiographs taken in external rotation, the contrast substance ends abruptly laterally at the anatomic neck of the humerus. In this view, an axillary pouch may be opacified on the undersurface of the humeral head. In internal rotation, a prominent subscapular recess is observed overlying the glenoid and lateral scapular region. The tendon of the long head of the biceps is visible as a radiolucent filling defect within the articular cavity and can be traced for a variable distance within the contrast-filled tendon sheath into the bicipital groove and along the metaphysis of the humerus. In the axillary view, contrast material is identified between the glenoid cavity and humeral head, anterior to the scapula (subscapular recess), and within the bicipital tendon sheath. In this projection, contrast material should not overlie the surgical neck of the humerus. The tangential view of the bicipital groove demonstrates an oval filling defect within the contrast-filled sheath, representing the biceps tendon.
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Figure 5-9 Glenohumeral joint arthrography: anatomy and normal single-contrast arthrogram. A, External rotation. Visualized structures include the axillary pouch (1) and bicipital tendon sheath (3). Note that the subscapular recess is not well seen, and contrast material ends abruptly laterally at the anatomic neck of the humerus (arrowhead). B, Internal rotation. Observe the prominent subscapular recess (2), axillary pouch (1), and bicipital tendon sheath (3). The articular cartilage of the humeral head is well seen (arrowhead). Minimal extravasation of contrast material has occurred in the axilla near the injection site. C, Axillary view. Observe the bicipital tendon (3) and the absence of contrast material over the surgical neck of the humerus (arrows).
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Figure 5-10 Glenohumeral joint arthrography: normal double-contrast arthrogram (upright projections). A, Normal arthrogram: external rotation. Visualized structures include the axillary pouch (1), bicipital tendon (3), glenoid fibrocartilage (arrow), and articular cartilage of the humeral head. The distended articular cavity (arrowhead) above the bicipital tendon should not be misinterpreted as filling of the subacromial (subdeltoid) bursa. B, Normal arthrogram: internal rotation. Visualized structures include the subscapular recess (2), axillary pouch (1), bicipital tendon (3), glenoid fibrocartilage (arrow), and articular cartilage of the humeral head.




















Complete and Incomplete Tears of the Rotator Cuff


Tears in the rotator cuff musculature may involve the entire thickness of the cuff (complete tear) or a portion of the cuff (incomplete or partial tear).


















Complete Tear.


Abnormal communication exists between the glenohumeral joint cavity and the subacromial (sub-deltoid) bursa (Fig. 5-11). Contrast material can be identified within the bursa as a large collection superior and lateral to the greater tuberosity and adjacent to the under-surface of the acromion. Using double-contrast shoulder arthrography, the degree of degeneration of the torn rotator cuff can be recognized. Further, the width of the tear itself is identified.
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Figure 5-11 Glenohumeral joint arthrography: complete rotator cuff tear. A, Arthrographic findings of a complete tear of the rotator cuff. Contrast material extends from the glenohumeral joint through the rotator cuff into the subacromial (subdeltoid) bursa. The inset reveals contrast material extending from the glenohumeral joint through the rotator cuff into the subacromial bursa and from there into the acromioclavicular joint. B and C, Double-contrast arthrography. The external rotation view (B) demonstrates that contrast material has extended from the glenohumeral joint into the sub-acromial (subdeltoid) bursa (thin arrows). The width of the tear of the rotator cuff can be seen (between heavy arrows). In another patient with a rotator cuff tear, an axillary view (C) reveals a “saddlebag” configuration, with contrast material overlying the surgical neck of the humerus (arrowheads). (B, Courtesy of J. Mink, MD, Los Angeles, California.)




















Incomplete Tear.


A partial tear may involve the deep surface of the rotator cuff, the superficial surface, or the interior substance of the tendon (Fig. 5-12). Tears within the substance of the cuff or involving the superior surface of the cuff are not demonstrated on glenohumeral joint arthrography. Tears on the inferior surface of the rotator cuff can be diagnosed on arthrography as an irregular circular or linear collection of contrast material above the opacified joint cavity.
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Figure 5-12 Glenohumeral joint arthrography. A, Incomplete rotator cuff tear. Internal rotation view shows contrast material (arrowhead) extending into the undersurface of the rotator cuff in this single-contrast arthrogram. B, Reformatted oblique coronal computed tomography image in a different patient shows a thickened supraspinatus tendon with contrast extending into the substance of the tendon (short black arrow), compatible with an incomplete tear. Note contrast extending through the distal supraspinatus at its distal attachment (short white arrow), compatible with a small full-thickness tear. Contrast is seen in the subacromial (subdeltoid) bursa (long black arrow). Note also contrast extending into the superior labrum (long white arrow), compatible with a superior labral tear.






































Adhesive Capsulitis


Glenohumeral joint arthrography has been used in the diagnosis and treatment of adhesive capsulitis. The main arthrographic abnormality in this disorder is a joint of low capacity evidenced by increased resistance to injection and a “tight” feel. Only a small amount of fluid (5 to 8 mL) can be injected successfully. The subscapular and axillary recesses are small or absent, and lymphatic filling may be evident (Fig. 5-13).
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Figure 5-13 Glenohumeral joint arthrography: diagnosis of adhesive capsulitis. After the introduction of 10 mL of contrast material, the patient complained of pain, and it was difficult to inject any additional solution. Note the “tight-looking” articulation with a small axillary recess and opacification of the lymphatic channels (arrows).








Joint distention during arthrography, the “brisement” procedure, may aid in the treatment of this condition. This technique requires slow, intermittent injection of larger and larger volumes of contrast material (mixed with saline solution, corticosteroids, and lidocaine).














Abnormalities of the Bicipital Tendon


Considering the wide variation in the arthrographic appearance of the bicipital tendon and sheath in normal persons, the radiologist must not rely too heavily on the arthrogram in establishing the existence of a significant abnormality. The arthrographic diagnosis of complete rupture of the bicipital tendon is based on failure to identify the tendon in the opacified sheath. Incomplete tears of the bicipital tendon produce increased width of the tendon and distortion of the synovial sheath. Medial dislocation of the tendon and sheath from their normal positions in the intertubercular groove can be suspected when the positions of these structures do not change on the internal and external rotation radiographs.














Abnormalities Occurring after Previous Dislocations


Anterior dislocations of the glenohumeral joint are associated with soft tissue damage. As the dislocating humeral head moves anteriorly, it lifts the articular capsule from the glenoid and neck of the scapula, producing an abnormal recess between the subscapular and axillary recesses. On arthrography, the abnormal recess fills with contrast material, a finding that is more evident on radiographs taken in internal rotation (Fig. 5-14). Additional findings related to anterior dislocation are injuries of cartilage and bone. The Bankart deformity involves an avulsion or compression defect of the anteroinferior rim of the glenoid and may be purely cartilaginous. The arthrogram may outline the cartilaginous abnormalities about the glenoid labrum. A Hill-Sachs compression deformity on the postero-lateral aspect of the humeral head also may be detected.
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Figure 5-14 Glenohumeral joint arthrography. In a patient with previous anterior dislocations of the glenohumeral joint, arthrography demonstrates an abnormal recess (arrow) between the axillary pouch and subscapular recess and an intra-articular body (arrowhead).








Conventional and computed arthrotomography has been applied to the diagnosis of abnormalities in the unstable shoulder. Computed arthrotomography is accomplished after the injection of 10 to 15 mL of air with or without 1 mL of radiopaque contrast material. Abnor-malities of the glenoid labrum depicted on conventional or computed arthrotomography include fore-shortening or thinning or contrast imbibition along its free margin. the labrum also may be detached completely, along with one or more of the glenohumeral ligaments. An osseous Bankart lesion typically is visualized as an elevation of a small sliver of bone and irregularity of the adjacent glenoid rim. A depression along the posterolateral aspect of the humeral head is indicative of a Hill-Sachs lesion (Fig. 5-15).
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Figure 5-15 Glenohumeral joint: glenoid labrum and humeral head abnormalities. A, Computed arthrotomography of the glenohumeral joint reveals a Hill-Sachs lesion (arrows) in the posterolateral humeral head. B, A large osseous fragment is seen adjacent to the anterior inferior aspect of the glenoid labrum (arrow). C, Reformatted three-dimensional computed tomography shows the relationship of the osseous Bankart lesion (arrow) and the glenoid to better advantage.




















Rheumatoid Arthritis and Other Synovial Disorders


The arthrographic findings of rheumatoid arthritis include a corrugated, enlarged synovial cavity, nodular filling defects, cartilage loss, contrast filling of osseous erosions, lymphatic filling, enlarging axillary lymph nodes, capsulitis with a restricted joint cavity, and rotator cuff tear. In rheumatoid arthritis (and other synovial disorders), synovial cysts about the glenohumeral joint may be documented by arthrography.


Septic arthritis of the glenohumeral joint may lead to synovial irregularity and rupture of the capsule and rotator cuff, with the formation of soft tissue abscesses.




















HIP


Hip arthrography may be employed in patients with congenital, traumatic, and articular disorders (Table 5-4).




TABLE 5-4


Indications for Hip Arthrography










	



Evaluation of:




Developmental dysplasia of the hip


Septic arthritis and osteomyelitis with epiphyseal separation


Epiphyseal dysplasia and osteonecrosis


Certain synovial disorders


Soft tissue masses


Trauma






















[image: image]














Technique


Many techniques exist for puncturing the hip joint. The author uses an anterior approach in performing hip arthrography, with the patient placed supine on the table. In infants and children, an anterolateral subphyseal plate site is ideal for contacting the bone. Additional modifications include the supplementation of hip arthrography with conventional tomography or computed tomography (CT) scanning.














Normal Hip Arthrogram


The normal hip arthrogram in an adult is shown in Figure 5-16.
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Figure 5-16 Hip arthrography: normal arthrogram. The recessus capitis (rc) is a thin, smooth collection of contrast medium between apposing articular surfaces and is interrupted only where the ligamentum teres (double arrows) enters the fovea centralis of the femoral head. The ligamentum trans-versum (It) is seen as a radiolucent defect adjacent to the inferior rim of the acetabulum. The ligamentum teres bridges the acetabular notch and effectively deepens the acetabulum. The inferior articular recess (iar) forms a pouch at the inferior base of the femoral head below the acetabular notch and ligamentum transversum. The superior articular recess (sar) extends cephalad around the acetabular labrum (lab). The acetabular labrum is seen as a triangular radiolucent area adjacent to the superolateral lip of the acetabulum. The zona orbicularis (zo) is a circumferential lucent band around the femoral neck that changes configuration with rotation of the femur. The recessus colli superior (rcs) and recessus colli inferior (rci) are poolings of contrast material located at the apex and base of the intertrochanteric line and are the most caudal extensions of the synovial membrane. (From Guerra J Jr, Armbuster TC, Resnick D, et al: The adult hip: An anatomic study. Part II: The soft-tissue landmarks. Radiology 128:11, 1978.)




















Developmental Dysplasia of the Hip


In infants, hip arthrography may be useful in the evaluation of developmental dysplasia of the hip (see Chapter 73).














Septic Arthritis in Infants


Hip arthrography is useful in the clinical setting of neonatal sepsis and an apparent dislocation of the femoral head.














Legg-Calvé-Perthes Disease


Hip arthrography may be of benefit in evaluating patients with Legg-Calvé-Perthes disease. This method allows identification of the true position of the cartilaginous head; this information may allow the surgeon to determine which position of the hip will be best during treatment of the condition (Fig. 5-17). MR imaging also can be used in the assessment of hip involvement in Legg-Calvé-Perthes disease.
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Figure 5-17 Hip arthrography: Legg-Calvé-Perthes disease. A, On the initial film, epiphyseal frag-mentation and metaphyseal irregularity are apparent. B, An arthrographic image in hip abduction indicates a relatively smooth radiolucent cartilaginous head (arrowhead) that is well covered by the acetabulum.




















Trauma


In patients with dislocations of the femoral head, hip athrography alone or in combination with CT may outline distortion of or defects in the joint capsule, tears of the ligamentum teres, and intra-articular osteocartilaginous bodies. Capsular constriction (adhesive capsulitis) may be seen following injury, although it may be idiopathic. Accurate diagnosis is accomplished with arthrography, during which a low capacity of the joint cavity is demonstrated.


Tears and deformities of the acetabular labrum have been recorded after trauma. Ganglion cyst formation in the labrum also has been identified. Routine radiography may reveal gas-containing soft tissue masses, and during arthrography, contrast material may extend from the joint into the labral tear and ganglion.














Articular Disorders


In idiopathic synovial (osteo)chondromatosis or pig-mented villonodular synovitis, the extent of synovial and capsular abnormality can be determined with arthrography (Fig. 5-18). In patients with septic arthritis, hip arthrography provides a technique for aspiration and subsequent culture, as well as a means of evaluating cartilaginous, osseous, and snyovial abnormalities.
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Figure 5-18 Hip arthrography: pigmented villonodular synovitis. The initial radiograph of the hip (not shown) in this 57-year-old woman revealed a normal joint space and cystic areas in the femoral head and neck. Aspiration of the joint revealed brown discoloration of the synovial fluid, and arthrography documented an enlarged and irregular joint cavity with small, medial collections, or pools, of contrast material. (Courtesy of V. Vint, MD, San Diego, California.)




















Synovial Cysts


Hip arthrography in rheumatoid arthritis and other synovial disorders reveals the degree of intra-articular alterations and the presence or absence of communicating synovial cysts (Fig. 5-19). Opacification of an enlarged iliopsoas bursa also may be identified. The enlarged iliopsoas bursa may accompany intra-articular diseases such as osteoarthritis, rheumatoid arthritis, pigmented villonodular synovitis, infection, calcium pyrophosphate dihydrate crystal deposition disease, and idiopathic synovial (osteo)chondromatosis, producing a mass in the ilioinguinal region that may stimulate a hernia and cause obstruction of the femoral vein.
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Figure 5-19 Hip arthrography: rheumatoid arthritis and synovial cyst formation. In this 65-year-old woman with rheumatoid arthritis and an apparent “femoral” hernia, arthrography indicates that the clinically evident soft tissue mass is related to a synovial cyst (arrow). Observe the sacculation of the articular cavity and a protrusio acetabuli defect.




















Knee


Although knee arthrography is useful in the assessment of many intra-articular structures (Table 5-5), the current gold standard for the noninvasive assessment of internal derangements of the knee is MR imaging (see Chapter 59).




TABLE 5-5


Indications for Knee Arthrography










	



Evaluation of:




Meniscal tears, cysts, and ossicles


Discoid menisci


Postmeniscectomy syndromes


Ligamentous injuries


Transchondral fractures


Chondromalacia patellae


Degenerative joint disease


Intra-articular osseous and cartilaginous bodies


Synovial disorders


Blount’s disease
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Technique


After puncture of the joint and aspiration of joint contents, 2 to 5 mL of contrast material and 30 mL of air are injected. The patient then exercises moderately and is placed beneath the fluoroscopic unit. Nine to 18 exposures are made of each meniscus, using slight changes in position and appropriate leg traction. After fluoroscopy, overhead or spot films are taken to evaluate the articular cartilage and cruciate ligaments and to determine whether a popliteal cyst is present. The key to the success of the fluoroscopic technique of knee arthrography is the examination of all parts of both menisci. The addition of intra-articular epinephrine (0.2 mL of 1:1000 solution) may enhance meniscal visualization by causing vasoconstriction of synovial vessels, decreasing both the amount of contrast material absorbed from the joint cavity and the amount of intra-articular fluid formed.














Normal Knee Arthrogram


The medial meniscus is identified as a sharply defined soft tissue triangular shadow (Fig. 5-20). Its posterior horn is usually large, the midportion is somewhat smaller, and the anterior horn is usually the smallest portion. The peripheral surface of the medial meniscus is firmly attached to the medial collateral ligament. A superior recess frequently is present above the posterior horn of the medial meniscus. The anterior part of the medial meniscus is covered with the base of the infrapatellar fat pad, making evaluation of this region more difficult.
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Figure 5-20 Knee arthrography: normal arthrography of the posterior horn of the medial meniscus. This segment is relatively large and extends for a considerable distance into the articular cavity (arrowhead). The adjacent articular recesses are small. The articular cartilage (arrows) is smooth.








Likewise, the lateral meniscus is projected as a sharply defined triangular radiodense area surrounded by air and contrast material. It changes little in size from its anterior to its posterior horn. Inferior recesses are frequent beneath both the anterior and the posterior horns of the lateral meniscus. The posterior horn of the lateral meniscus is separated from the capsule by the synovial sheath of the popliteus tendon.














Meniscal Abnormalities


















Meniscal Tear.


Arthrography remains a highly accurate technique for the evaluation of a number of meniscal abnormalities, including tears. A meniscal tear is more frequent on the medial side, involving particularly the posterior horn of the medial meniscus. The lateral meniscal tear most commonly involves the anterior horn.


A vertical concentric tear appears as a vertical radio-dense line extending through the meniscus (Fig. 5-21). The inner fragment may be displaced, producing a bucket-handle tear, and may lodge in the central portion of the joint. A vertical radial tear along the inner contour of the meniscus produces a contrast-coated inner meniscal margin and a blunted meniscal shadow. Horizontal tears, which are observed more frequently in older persons, produce a radiopaque line of contrast material that extends to the superior or inferior surface (Fig. 5-22).
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Figure 5-21 Knee arthrography: vertical concentric meniscal tear. Observe the contrastor air-filled linear shadows (arrow-head) in the meniscus.
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Figure 5-22 Knee arthrography: horizontal medial meniscal tear. The tear (arrowhead) is filled with contrast material on the arthrogram.




















Meniscal Cyst.


Meniscal cysts are multiloculated collections of mucinous material that have a predilection for the lateral aspect of the knee. They are associated with meniscal tears and may be opacified because of articular communication (Fig. 5-23).
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Figure 5-23 Knee arthrography: meniscal cyst. A cyst of the medial meniscus is opacified (arrow) and is associated with a horizontal tear of the meniscus (arrowhead).




















Discoid Meniscus.


A discoid meniscus is broad and disclike rather than semilunar in shape. A discoid configuration is seen much more commonly in the lateral meniscus than in the medial meniscus. The pathogenesis of a discoid meniscus is not clear. The usual age of patients at the time of clinical presentation is between 15 and 35 years. These patients commonly have symptoms of a torn cartilage.


Initial plain films in patients with discoid menisci generally are unrewarding. Arthrography reveals the abnormally large and elongated meniscus, frequently extending to the intercondylar notch (Fig. 5-24). An associated meniscal tear frequently is observed.
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Figure 5-24 Knee arthrography: discoid lateral meniscus (slab type) with a tear. Observe that the meniscus extends far into the joint cavity (arrowheads). A vertical tear is evident (arrow).




















Meniscal Ossicle.


Meniscal ossicles represent foci of ossification within the menisci. Patients with meniscal ossicles may be asymptomatic or have local pain and swelling.


Initial films reveal ossification of variable shape in the anterior or posterior portion of either the medial or the lateral meniscus. The most common site is the posterior horn of the medial meniscus. Arthrography confirms the location of the ossification within the meniscus.


Meniscal ossicles may simulate intra-articular osteochondral fragments.














Meniscectomy.


A total meniscectomy involves the removal of the entire meniscus from its capsular attachment. A partial meniscectomy may involve the removal of the anterior two thirds of the abnormal meniscus; alternatively, only the torn portion of the meniscus may be removed, leaving the remainder of the meniscus intact. Arthrographic evaluation after complete or partial meniscectomy may reveal a retained fragment, a regenerated meniscus, a tear of the opposite meniscus, or additional abnormalities.


The retained posterior horn after incomplete meniscectomy resembles a normal posterior horn, although it may be irregular or contain an obvious tear. After the removal of the inner fragment of a bucket-handle tear, the retained peripheral fragment appears as a truncated shadow with rough, irregular surfaces. With regeneration of the meniscus, a small triangular shadow resembling an equilateral or isosceles triangle is observed. A variety of causes exist for postmeniscectomy pain, including ligament injury, loose bodies, and cartilage ulceration.
































Ligamentous Injury


















Collateral Ligament Tears.


Recent tears of the collateral ligaments may be documented by arthrography. Contrast material introduced into the joint space extravasates into the adjacent soft tissues. This finding is more readily apparent on the medial aspect of the knee (Fig. 5-25).
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Figure 5-25 Knee arthrography: collateral ligament injuries. A tear of the medial collateral ligament allows contrast material to pass from the articular cavity into the soft tissues and outline the outer aspect of the ligament (arrows).




















Cruciate Ligament Injuries.


MR imaging is superior to arthrography in the assessment of injuries of the cruciate ligaments (see Chapter 59). The fundamental arthro-graphic criterion of a normal anterior cruciate ligament is an anterior synovial surface that is “ruler straight” on specialized lateral radiographs. The ligament is considered to be lax but intact if the anterior synovial surface is bowed and concave anteriorly. The arthrographic abnormalities associated with disruption of the anterior cruciate ligament include nonvisualization; a wavy, lumpy, or acutely angulated anterior surface; irregularity of the inferior attachment of the ligament; pooling of the contrast medium in the usual location of the ligament; and visualization of the plica synovialis infrapatellaris. It should be emphasized that the abnormal findings frequently are subtle, requiring an examiner with a good deal of experience and knowledge.
































Lesions of Articular Cartilage


Contrast material within the joint cavity allows visualization of portions of articular cartilage. Abnormalities such as osteochondral fracture (osteochondritis dissecans) and chondromalacia may be identified, although they are better studied with MR imaging.


















Osteochondral Fracture (Osteochondritis Dissecans).


Tran-schondral fractures exist where tangential shearing forces are applied to the articular surface. In the knee, such fractures are most frequent on the lateral surface of the medial femoral condyle. The fracture fragment may consist of cartilage, cartilage and bone, or solely bone. It may remain in situ, with relatively normal overlying cartilage; become depressed, with an indentation of the articular surface; or become detached, existing as a loose body in the articular cavity or as an attached body at a distant synovial site.


Arthrography allows evaluation of the cartilaginous or osseous surface, or both, at the fracture site (Fig. 5-26). Contrast medium may outline a normal, swollen, or depressed cartilaginous surface, or it may dissect beneath the osteochondral fragment. The detection of intra-articular osteochondral bodies accompanying osteochondritis dissecans may require the combination of arthrography and conventional tomography or CT scanning (Fig. 5-27).
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Figure 5-26 Knee arthrography: osteochondritis dissecans. Arthrography demonstrates the osseous abnormality (arrowhead) and swollen articular cartilage over the lesion (open arrow).










[image: image]


Figure 5-27 Knee arthrography: osteochondral fragment. After the introduction of air into the knee joint, a transaxial computed tomography scan reveals the fragment (arrowhead), which consists of cartilage and bone, in the medial aspect of the joint.




















Chondromalacia.


The role of arthrography in the diagnosis of chondromalacia of the patella is not clear. On arthrography, chondromalacia produces absorption or imbibition of contrast material by the patellar cartilage. Nodular elevation, fissuring, or diminution of the cartilaginous surface may be apparent. MR imaging, however, appears to be a superior technique in the evaluation of the articular cartilage.
































Synovial Plicae


Synovial plicae are remnants of synovial tissue that in early development originally divided the joint into three separate compartments; they may be found normally in the adult knee. Usually of no consequence, these structures may become pathologically thickened and lead to significant symptoms. The three plicae encountered most commonly are classified according to the partitions from which they took origin (suprapatellar medial patellar, and infrapatellar). Their identification can be accomplished by arthrography (Figs. 5.28 and 5-29), computed arthrotomography, MR imaging (see Chapter 59), or arthroscopy.
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Figure 5-28 Knee arthrography: suprapatellar plica (arrows).
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Figure 5-29 Knee arthrography: medial patellar plica (arrow).




















Articular Disorders (Table 5-6)


















Degenerative Joint Disease.


Contrast examination of the knee in patients with degenerative joint disease delineates abnormalities of the articular cartilage and menisci and the presence of intra-articular osseous bodies and popliteal cysts (Fig. 5-30).




TABLE 5-6


Causes of Multiple Filling Defects on Knee Arthrograms










	



Rheumatoid arthritis


Pigmented villonodular synovitis


Idiopathic synovial (osteo)chondromatosis


Hemangioma, angioma


Lipoma arborescens
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Figure 5-30 Knee arthrography: degenerative joint disease. A, In the medial compartment, findings include severe denudation of articular cartilage on both the femur and the tibia (arrowheads). The medial meniscus is swollen, with an incomplete vertical tear (arrow) and an irregular inner contour. B, Reformatted coronal computed tomography image in a different patient after arthrography shows a flap tear of the medial femoral condyle (arrow).




















Rheumatoid Arthritis.


Arthrographic findings in the knee in rheumatoid arthritis include enlargement of the joint cavity or suprapatellar pouch, nodular irregularity or corrugation of the synovial membrane, filling defects within the joint cavity, lymphatic filling, destruction of hyaline cartilage and fibrocartilage, and synovial cyst formation (Fig. 5-31).
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Figure 5-31 Knee arthrography: rheumatoid arthritis. Nodular and linear irregularity and pooling of contrast material reflect synovial hypertrophy.




















Pigmented Villonodular Synovitis.


The knee arthrogram in diffuse pigmented villonodular synovitis reveals an enlarged synovial cavity, irregular synovial outline with “laking” or pooling of contrast material, and nodular filling defects (Fig. 5-32).
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Figure 5-32 Knee arthrography: diffuse pigmented villonodular synovitis. Observe the irregular distribution and appearance of contrast material (arrows) in the suprapatellar pouch. (From Dalinka MK, Coren GS, Wershba M: Knee arthroscopy. CRC Crit Rev Radiol Nucl Med 4:1, 1973.)




















Idiopathic Synovial (Osteo)Chondromatosis.


Knee arthrography in idiopathic synovial (osteo)chondromatosis reveals an enlarged synovial cavity and multiple small, sharply defined filling defects (Fig. 5-33).
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Figure 5-33 Knee arthrography: idiopathic synovial (osteo)chondromatosis. Observe the multiple sharply defined filling defects (arrows) throughout the articular cavity. (From Dalinka MK, Coren GS, Wershba M: Knee arthroscopy. CRC Crit Rev Radiol Nucl Med 4:1, 1973.)






































Synovial Cysts


Synovial cysts about the knee are most frequent in the popliteal region, where communication between the joint and normal posterior bursae can be identified. The bursa involved most commonly is the gastrocnemiosemimem-branosus bursa, located posterior to the medial femoral condyle between the tendons of the gastrocnemius and semimembranosus muscles. Swelling of this posterior bursa is termed a Baker’s cyst. Rupture of such a cyst is associated with soft tissue extravasation of fluid contents. Ruptures occurring posteriorly can simulate a compartment syndrome or thrombophlebitis.


Arthrography of the knee is an accurate method of diagnosing synovial cysts, although some investigators also recommended sonographic or isotopic examination in this clinical situation. MR imaging of such cysts may provide the most detailed information regarding the distribution and extent of the process and the degree of synovial inflammation (see Chapter 59). The arthrographic appearance of an abnormal synovial cyst varies. In most instances, a well-defined, lobulated structure filled with air and radiopaque contrast material is revealed. It may have an irregular surface related to hypertrophy of its synovial lining (Fig. 5-34). Alternatively, the entire cyst or a portion of it may rupture, with extravasation of contrast material.
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Figure 5-34 Knee arthrography: synovial cyst formation in rheumatoid arthritis. A typical large popliteal cyst extending into the calf is filled with contrast material. It is slightly irregular in contour, particularly inferiorly (arrowhead), which may reflect synovial inflammation. No free extravasation into the soft tissues is seen.








Any inflammatory, degenerative, traumatic, or neo-plastic condition that produces a knee effusion can lead to synovial cyst formation. The differential diagnosis of synovial cysts about the knee includes a variety of neoplasms of soft tissue or bone origin, thrombophlebitis and hematomas, varicose veins, aneurysms, and other conditions.




















ANKLE


Arthrography of the ankle is performed for a variety of indications (Table 5-7). Contrast opacification allows identification and delineation of ligamentous injuries and can be combined effectively with routine and stress radiography of the ankle.




TABLE 5-7


Indications for Ankle Arthrography










	



Evaluation of:




Ligamentous injuries


Transchondral fractures


Intra-articular osseous and cartilaginous bodies


Adhesive capsulitis
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Technique


Ideally, arthrography of the ankle should be performed within a few days of the acute injury, because blood and tissue adhesions about the ligamentous tear may result in false-negative examinations. Six to 10 mL of contrast agent is injected using an anterior approach. The needle is withdrawn, and radiographs are exposed in antero-posterior, oblique, and lateral projections after mild exercise of the ankle. Stress radiographs also may be obtained.














Normal Ankle Arthrogram


Under normal circumstances, ankle arthrography results in opacification of the articular cavity without evidence of extra-articular leak, except for filling of the tendon sheath of the flexor hallucis longus or the flexor digitorum longus muscle, or both, in approximately 20% of patients (Fig. 5-35). The posterior subtalar joint is opacified in approximately 10% of patients.
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Figure 5-35 Knee arthrography: normal arthrogram. Anteroposterior (A) and lateral (B) views. The tibiotalar joint has been opacified. Note the normal recesses: anterior recess (1), posterior recess (2), and syndesmotic recess (3). Filling of the medial tendon sheaths (T) and posterior subtalar joint (arrowhead) is a normal finding.




















Ligamentous Injuries


















Anterior Talofibular Ligament Injury.


The anterior talofibular ligament extends from the anterior surface of the distal portion of the fibula to the talar neck. With tears, contrast material is seen both inferior and lateral to the distal end of the fibula (Fig. 5-36).




[image: image]


Figure 5-36 Ankle arthrography: ligamentous injuries. A, Anterior talofibular ligament injury. Contrast material is located inferior and lateral to the tip of the fibula (arrowheads). On a lateral view (not shown), the contrast material would be anterior to the distal portion of the fibula. B, Anterior talofibular and calcaneofibular ligament injuries. In addition to extravasation of contrast material lateral to the distal end of the fibula, the peroneal tendon sheaths are visualized (arrowhead). Normal filling of the medial tendon sheaths is noted (arrows).




















Calcaneofibular Ligament Injury.


The calcaneofibular ligament originates from the posterior aspect of the distal portion of the fibula and inserts on the superior aspect of the calcaneus. When this strong ligament is torn, contrast material fills the peroneal tendon sheaths as the inner aspect of the sheaths is also torn (see Fig. 5-36).














Distal Anterior Tibiofibular Ligament Injury.


This structure extends from the anterior and lateral aspects of the distal portion of the tibia to the adjacent anterior portion of the distal fibular end. After injury to this ligament, extravasation of contrast material occurs between distal tibia and fibula, beyond the syndesmotic recess.














Deltoid Ligament Injury.


The deltoid ligament originates from the medial malleolus and extends to the talus and calcaneus. With tears of the deltoid ligament, contrast material extravasates beyond the medial confines of the joint.


Any of these ankle injuries may be associated with abnormalities on plain films, including soft tissue swelling and avulsion fractures at the osseous sites of attachment of the specific ligament. Further, stress radiography may indicate ligament weakening by revealing abnormal widening of the joint. Evidence also indicates a potential role for MR imaging in the identification of sites of ligamentous (and tendinous) injury about the ankle (see Chapter 59).
































Other Traumatic Disorders


















Transchondral Fracture.


Osteochondral fractures (osteo-chondritis dissecans) of the talar dome are not infrequent. Arthrography in this situation outlines the integrity of the overlying cartilage and the presence of intra-articular cartilaginous bodies.














Adhesive Capsulitis.


Post-traumatic adhesive capsulitis in the ankle is associated with restricted motion. Arthrography delineates a decrease in the articular capacity, with resistance to injection of contrast material, obliteration of normal anterior and posterior recesses or tibiofibular syndesmosis, opacification of lymphatic vessels, and extravasation of contrast material along the needle track.






































APOPHYSEAL JOINTS


The injection of contrast material, anesthetic agent, corticosteroid preparation, or any combination of the three into the apophyseal joints of the lumbar spine has been advocated in the diagnosis and treatment of the facet syndrome. This syndrome leads to pain, which is exacer-bated with rotary motion, in the lower back, thighs, buttocks, and legs and to focal tenderness over the affected joint. The intrinsically curved lumbar apophyseal joints are less accessible to direct puncture than are many other articulations of the body; however, the puncture technique is not difficult and can be accomplished with fluoroscopy and, occasionally, CT (Fig. 5-37). Arthrography of the facet joints in the cervical spine has received less attention.
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Figure 5-37 Arthrography of the lumbar apophyseal joints. Observe the needle placement in two consecutive apophyseal joints. Some extravasation of contrast material is evident at the lower level, whereas in the upper joint, all the contrast agent is within the joint.
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CHAPTER 6


Diagnostic Ultrasonography


Ronald S. Adler, Laurence A. Mack, F. William Scheible, Carolyn M. Sofka and Donald Resnick




SUMMARY OF KEY FEATURES


Although alternative techniques such as computed tomography (CT) and magnetic resonance (MR) imaging have influenced dramatically the manner in which ultrasonography is used, the benefits of diagnostic ultrasonography—which include lower cost, less time, and less patient discomfort—ensure its place in clinical imaging. Advances in transducer technology and power Doppler techniques have expanded the applicability of ultrasonography to the assessment of many structures, particularly those that are situated superficially. The orthopedic and rheumatologic disorders that can be assessed with ultrasonographic imaging include traumatic, metabolic, degenerative, infectious, and neoplastic processes.
















INTRODUCTION


The ability of ultrasonography to evaluate the musculoskeletal system has increased dramatically with the development of high-frequency linear array real-time transducers, coupled with significant technologic advances that have improved image resolution. This group of devices shares the common characteristics of excellent near-field resolution, electronic focusing, and very high transducer frequency (5 to 15 MHz). These qualities are especially important when imaging tendons and muscles, which are often superficial and whose internal architecture gives rise to a unique appearance on ultrasonography. Further, improvements in color-flow sensitivity allow the demonstration of alterations in blood flow associated with a variety of inflammatory, neoplastic, and traumatic disorders. Although the role of ultrasonography in diagnosing problems related to bones, joints, and soft tissues is somewhat limited compared with that of CT or MR imaging, the technique offers significant information in an increasing number of situations and usually involves less discomfort, risk, cost, and time than alternative radiographic or isotopic procedures. In addition, the real-time nature of this technology enables the performance of provocative maneuvers, as well as visualization during interventional procedures involving the soft tissues.















CLINICAL USE IN BONE, JOINT, AND SOFT TISSUE DISEASES



Popliteal Space





The use of ultrasonography to evaluate various swellings in the popliteal space gained early acceptance. Because the fluid-solid distinction was easily accomplished even by early instruments, and because popliteal cysts and popliteal artery aneurysms constitute the majority of masses in this area, sonography has frequently been used to diagnose these lesions.


Popliteal cysts (Baker’s cysts) arise in knee joints that have a communication between the knee joint and the gastrocnemiosemimembranosus bursa, as well as an intra-articular abnormality that produces an effusion capable of distending the joint. The gastrocnemiosemimembra-nosus bursa is situated between the medial head of the gastrocnemius muscle and the semimembranosus muscle more laterally. An anatomic connection between the bursa and the knee joint is present in about 50% of normal persons. Joint effusion can be a response to a number of abnormalities of the knee. As a component in the genesis of popliteal cysts, effusions are most often related to the synovial proliferation of rheumatoid arthritis or to traumatic internal derangements of the knee joint. Indeed, such cysts can develop as a complication of any disorder of the knee that leads to elevation of intra-articular pressure.


Classically, a simple Baker’s cyst appears as a focal, hypoechoic, smooth-walled cystic mass located between the tendons of the medial head of the gastrocnemius and semimembranosus muscles. A superior extension, or neck, of the fluid collection that confirms communication with the knee is an important diagnostic feature. Variable amounts of septation, debris, or pannus may be seen within the cyst. Color Doppler sonography may be helpful in differentiating cysts from popliteal artery aneurysms, which are located more centrally within the popliteal fossa. The size threshold for sonographic identification of popliteal cysts is less than 1 cm.


Rupture of a popliteal cyst or hemorrhage into the cyst can lead to a clinical picture that closely mimics deep venous thrombophlebitis. Compression of the popliteal vein by the cyst can also produce physical signs resembling thrombophlebitis. Loss of normal sharp margins along the inferior aspect of the cyst (Fig. 6-1) and super-ficial fluid spaces with surrounding edema are the most common findings associated with rupture. Such edema may be identified in the medial head of the gastrocnemius muscle, and fluid may track proximally or distally along soft tissue planes; smaller daughter cysts may be evident. However, sonography may fail to detect some ruptured cysts that have completely decompressed.
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Figure 6-1 Synovial (popliteal) cyst with rupture. A longitudinal view of the posterior aspect of the knee shows a popliteal cyst (straight black arrow) with internal septations (arrowheads) and an irregular inferior tail (curved arrow), the last finding consistent with a recent rupture.








Ultrasonography may also be helpful in cases in which the synovial membrane herniates through a weakened posterior capsule of the knee joint. This probably occurs in persons who lack anatomic communication between the joint space and the gastrocnemiosemimembranosus bursa; when rupture occurs, a pseudocapsule forms to contain fluid. Most often, these collections are located between the gastrocnemius and soleus muscles.


Not every swelling in this area is the result of a popliteal cyst, and sonography can conveniently exclude other causes, such as a popliteal artery aneurysm (Fig. 6-2), soft tissue tumor, or abscess. Aneurysms of the popliteal artery are the most common of the peripheral arterial aneurysms. Atheromatous disease is causative in the vast majority of cases, and a significant number of patients have coexisting cardiovascular disease, including an abdominal aortic aneurysm. The lesions are bilateral in up to 59% of cases, although involvement of only one side may be evident clinically. Popliteal artery aneurysms are commonly associated with thromboembolic complications, including thrombosis, venous occlusion, ulceration, gangrene, and peripheral embolization. The ultrasonographic diagnosis of a popliteal artery aneurysm is relatively straightforward, as long as continuity of the mass with a proximal and a distal vessel can be ascertained. Angiography, the traditional method for diagnosing and evaluating popliteal artery aneurysms, is not necessary. In addition, arteriography has several limitations that are overcome by ultrasonography. For example, thrombus within an aneurysm is easily documented by sonography but is not well seen with arteriography, which opacifies only the patent lumen carrying flowing blood. Thrombus is considered by some clinicians to be an indication for surgery. Clinical diagnosis is not always straightforward, however, such as when pulsation is absent because of a thrombosed aneurysm.
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Figure 6-2 Popliteal artery aneurysm, presenting as a soft tissue mass. Transaxial image of the popliteal fossa shows a 3-cm popliteal artery aneurysm. Significant thrombus surrounds a residual central lumen (asterisk).














Knee


The role of ultrasonography in evaluating the knee has been diminished by MR imaging. However, sonography may be helpful in evaluating specific problems. For example, joint fluid, or an effusion, in the knee is easily detected by ultrasonography. Anechoic or hypoechoic fluid is identified in the suprapatellar recess, deep to the quadriceps musculature, and in the medial and lateral joint recesses as well. Intra-articular cartilaginous or osteocar-tilaginous bodies appear as echogenic foci.


Investigations have centered on the sonographic evaluation of cartilage (Fig. 6-3). In a series of patients with osteoarthritis, ultrasonography was shown to be capable of measuring the thickness of articular cartilage and assessing its surface characteristics. However, with increasing severity of disease, the sharp interface between cartilage and soft tissue is blurred, making measurement of cartilage thickness more difficult.
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Figure 6-3 Articular cartilage. This is a transverse extended field of view of the trochlear cartilage. Note the medial (M) and lateral (L) femoral condyles and the homogeneously hypoechoic articular cartilage of the trochlea (TROCH) (arrows). The anterior quadriceps mechanism (QT) and tendon (T) are labeled.








Real-time ultrasonography is capable of showing portions of the medial and lateral menisci (Fig. 6-4). The normal meniscus appears as a triangular hyperechoic structure; it is often easier to identify when there is a degree of cartilage loss in the femorotibial compartments and associated peripheral displacement of the meniscus. Meniscal tears are visualized as hypoechoic linear defects within this structure. Vertical concentric tears as small as 2 mm and horizontal tears as small as 4 mm have been seen consistently in vitro. The clinical utility of this technique has not been evaluated systematically, however. Meniscal cysts are a common cause of masses in locations that are atypical for simple popliteal cysts. Such cysts are most common in the lateral meniscus, and the vast majority are associated with tears of the menisci. Because of tightly adherent medial collateral ligaments, medial cysts may lie at some distance from the meniscus, whereas lateral cysts are usually found adjacent to the underlying meniscal lesion. Meniscal cysts are easily identified sonographically as fluid-containing spaces superficial to the menisci and collateral ligaments (Fig. 6-5).
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Figure 6-4 Menisci of the knee. A longitudinal scan of the lateral meniscus shows the lateral femoral condyle (F) and the lateral tibial plateau (T), as well as the overlying iliotibial band (ITB). The normal lateral meniscus is seen as triangular homogeneously hyperechoic tissue (black arrow).
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Figure 6-5 Meniscal cyst. Longitudinal view of the lateral aspect of the knee demonstrating a horizontal cleavage tear through the lateral meniscus (arrow) extending into a meniscal cyst (asterisk). Note the lateral femoral condyle (F) and the lateral tibial plateau (T).








The collateral ligaments of the knee can also be visualized with ultrasonography (Fig. 6-6). In common with other ligaments, these collateral ligaments appear as homogeneous, hyperechoic linear bands of tissue. Disruption of the uniform, compact fibrillar pattern indicates an injury.
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Figure 6-6 Collateral ligaments of the knee. A longitudinal image along the medial joint line of the knee demonstrates a normal, homogeneously hyperechoic medial collateral ligament (arrows). Note the medial femoral condyle (F) and the medial tibial plateau (T).




















Patellar Tendon


Jumper’s knee, a term describing a group of conditions that commonly cause extra-articular knee pain, is seen in persons whose activities involve frequent, vigorous use of the extensor mechanism of the knee. Athletic activities that include repetitive jumping, running, or kicking are implicated most often. Rather than being the result of a primary inflammatory lesion, jumper’s knee is thought to be caused by multiple partial fiber tears of the patellar tendon that lead to degeneration, necrosis, or fibrosis.


When scanned longitudinally, the normal patellar tendon is visualized as a linear structure of medium echogenicity, approximately 3 to 6 mm thick, located deep to more echogenic subcutaneous fat and the hypoechoic serous pretibial bursa. Deep to the tendon, a second anechoic bursa may be seen. The internal architecture is similar to that of other tendons, with parallel echogenic fibers and homogeneous density (Fig. 6-7). Seventy-seven percent to 90% of abnormalities in patellar tendinosis are visualized at the proximal attachment of the tendon. In early stages of disease, the tendon appears enlarged as a result of edema. If the degenerative process continues, the tendon becomes heterogeneous in its internal architecture, with areas of central hypoechogenicity being the most common sonographic finding, although hyperechoic foci may occasionally be seen.
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Figure 6-7 Patellar tendon. A longitudinal extended field of view of a normal patellar tendon shows a well-defined hyper-echoic tendon with a fine intrasubstance fibrillar pattern (arrows). Note the infrapatellar fat pad (Hoffa’s FP), the inferior pole of the patella (P), and the tibial tubercle (T).




















Hip


Ultrasonography can be used as a screening procedure to document the presence of intra-articular fluid. In both children and adults, distention of the joint capsule is identified most readily in scans oriented along the long axis of the femoral neck. Ultrasonography can be used to characterize the joint effusion as simple or as containing particulate debris; the latter is suggestive of inflammation, infection, or hemorrhage. Abscess, hematoma, cellulitis, thrombophlebitis, aneurysm, and lymphadenopathy can manifest in nonspecific and overlapping ways. Sonography can often differentiate among these conditions and, if necessary, is a convenient method of guiding percutaneous aspiration or biopsy of possibly abnormal areas. Ultra-sonography can also identify fluid collections within the iliopsoas bursa, which are often associated with the synovitis that accompanies many arthritides. In addition, ultrasonography has an important role in the diagnosis of developmental dysplasia of the hip (see Chapter 73).














Shoulder


Numerous reports using high-resolution linear array real-time ultrasonography have demonstrated that sonography is an alternative means of examining the rotator cuff. Meticulous technique is critical, and examination of the tendons in two orthogonal planes is required whenever possible. Criteria for the diagnosis of rotator cuff tears can be categorized into four groups: (1) nonvisualization of the cuff, (2) localized absence or focal nonvisualization, (3) discontinuity, and (4) focal abnormal echogenicity. No cuff tendon is visualized in patients with large or massive rotator cuff tears.


Joint and bursal effusions commonly accompany large tears and are seen along the biceps tendon and lateral to the greater tuberosity, respectively. Large tears of the supraspinatus tendon may extend posteriorly to involve the infraspinatus tendon or anteriorly to involve the biceps tendon and the subscapularis tendon. Smaller full-thickness tears (Fig. 6-8) appear as a localized absence of the cuff with the subdeltoid bursa touching the humeral surface. The most common location of such smaller tears is the anterolateral portion of the supraspinatus tendon in the “critical zone.” Even smaller tears appear as a discontinuity of the cuff filled with hypoechoic joint fluid or hyperechoic reactive tissue highlighting the defect (Fig. 6-9).




[image: image]


Figure 6-8 Rotator cuff tear. A longitudinal view of the supraspinatus tendon demonstrates a focal full-thickness tear (FT) with tendon discontinuity, as well as a partial articular surface tear (PT) near the site of the tendon attachment. Note the mild inferior migration of the subdeltoid fat strip (SD FST) into the defect. HUM, humerus.
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Figure 6-9 Rotator cuff tear. A longitudinal view of the infraspinatus tendon shows a discrete irregular hypoechoic focus at the articular margin (white arrow), consistent with a partial articular surface tear. Note the intact superficial fibers (curved arrow).








Abnormalities of cuff echogenicity may be diffuse or focal. Diffuse abnormality of cuff echogenicity is an unreliable sonographic sign for cuff tear but may indicate diffuse cuff degeneration or fibrosis. Although diffuse abnormality of cuff echogenicity is unreliable in the detection of full-thickness tears, significant disparity of cuff thickness suggests cuff attrition. Significant degrees of cuff attrition are associated with partial-thickness tears and also suggest that progressive cuff changes are present. In addition to the major criteria just described, several minor sonographic findings may prove helpful; subdeltoid bursal effusion, concavity of the subdeltoid bursal contour, elevation of the humeral head relative to the acromion, and obliteration of the space normally occupied by the supraspinatus tendon are all associated with defects in the cuff.


Sonography also plays an important role in the evaluation of patients who have had acromioplasty, and especially those who have had surgical repair of a full-thickness tear (Fig. 6-10). Postoperatively, the tendons of the cuff, especially the supraspinatus, are often echogenic and thinned when compared with those in the contralateral normal shoulder.
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Figure 6-10 Rotator cuff retear following surgery. Ultra-sonography can be used to evaluate a possible retear after rotator cuff repair. This long axis view of the supraspinatus tendon in a patient who had a rotator cuff repair clearly demonstrates the surgical trough in the greater tuberosity, as well as the retracted tendon edge. Note the large region of tendon discontinuity at the site of repair (black arrows).




















Ankle and Foot


Because of its superficial location, clinical examination of the Achilles tendon is often sufficient to diagnose acute disruption. The Achilles tendon is best examined with the patient prone and the feet extending beyond the table. Use of an acoustic standoff helps compensate for the geometry of the region. The normal tendon appears in longitudinal section as a superficial, hyperechoic structure surrounded by the echogenic paratenon. In transverse section, the tendon is elliptic in shape, with broadening in its more caudal aspects. Deep to the tendon, the pre-Achilles fat pad is visualized as an area of low heterogeneous echogenicity. Superficial to the tendon at its insertion in the calcaneus, the superficial bursa may be observed when distended by fluid but not when normal.


Complete rupture of the Achilles tendon appears as discontinuity with retraction of the upper fragment, small amounts of adjacent fluid, and an echogenic clot in the tear. Partial tears have been described as hypoechoic areas within the tendon or as heterogeneous tendon echogenicity (Fig. 6-11). The sonographic appearance of tendi-nosis is more controversial; however, the thicker the Achilles tendon appears, the more likely is the diagnosis of tendinosis.
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Figure 6-11 Achilles tendinosis and tendon tear. A longitudinal extended field of view demonstrates an enlarged, ill-defined Achilles tendon with decreased echogenicity, consistent with underlying tendinosis, as well as a superimposed deep-surface partial tear (arrow) near its attachment to the calcaneus (calc).








In patients with heterozygous familial hypercholes-terolemia, the Achilles tendon is the most common location for xanthomas. These lesions appear as thickening of the tendon, with a decrease in overall echogenicity. Focal areas of heterogeneous echogenicity may also be seen. The Achilles tendon is but one of the many tendons about the ankle and foot that can be evaluated with ultra-sonography. Ganglion cysts, plantar fasciitis, and Morton’s neuromas can also be investigated with sonography.














Hand, Wrist, and Elbow


The sonographic features of masses of the hand and fingers, including ganglion cysts, angiomas, and glomus tumors, have been described. Ganglion cysts are anechoic or hypoechoic; angiomas are minimally hyperechoic; and the remainder of focal masses are often hypoechoic. Inflammatory abnormalities, including foreign bodies and tenosynovitis, can be visualized with ultrasonography. Sonography has also been used in the evaluation of carpal tunnel syndrome and ganglia.


Ganglia, which are the most common soft tissue masses in this region, are seen as well-marginated, multiloculated, hypoechoic lesions that are easily differentiated from other abnormalities such as lipomas or aneurysms.


Newer applications in infants and children, including delineation of transphyseal fractures and other occult fractures, joint effusions, and cellulitis, have been described (Fig. 6-12). Characteristic findings in lateral epicondylitis (“tennis elbow”) include hypoechoic extratendinous collections in muscle tears, fluid collections adjacent to the extensor carpi radialis brevis, bursitis, alterations of tendon echogenicity and size, enthesopathy, and tendinosis.
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Figure 6-12 Fracture of the radial head. A lateral image of the radiocapitellar joint in a child reveals focal cortical irregularity and impaction of the radial head with overriding fragments, consistent with a fracture (curved arrow). Note that the radial head articulates normally with the capitulum (arrowhead).








Neurovascular structures, especially the ulnar nerve, can also be assessed with ultrasonography. Normally, the ulnar nerve is located in the cubital tunnel and, in the longitudinal plane, contains linear hyperechoic strands. Focal enlargement of the nerve and decreased echogenicity are typical of neuritis, and subluxation of the ulnar nerve can be promoted when provocative positions of the elbow are used.














Tumors of Bone and Soft Tissue


Although sonography easily catalogs mass lesions into cystic or solid groupings, little histologic specificity is obtained from the sonographic appearance alone. In fact, strict adherence to usually reliable sonographic criteria can result in interpretive errors. Soft tissue tumors of neural or nerve sheath origin can mimic the findings classically associated with cystic lesions, even though these are solid neoplasms. Fatty tissue is often, although not invariably, extremely echogenic, and lipomatous tumors can appear quite hyperechoic. Neoplasms of lymphatic origin typically contain extensive cystic areas. Highly vascular tumors (e.g., hemangiomas) can also have numerous fluid regions. Color Doppler imaging may be helpful in defining vascular anatomy as well as in confirming the solid nature of such lesions.


Ultrasonography has negligible success in visualizing intraosseous structures, and its role in this setting is limited. However, this technique may be helpful in the evaluation of cartilage-bone relationships in cases of osteo-chondroma (see Chapter 70).














Infections of Bone and Soft Tissue


Sonographic features of soft tissue abscesses vary considerably. A typical abscess contains predominantly fluid but frequently has debris that is manifested as fine, low-level echoes within the cystic mass. This material sometimes accumulates in the dependent portion of the abscess, a phenomenon that can be documented by changing the patient’s position. The margins of an abscess are usually indistinct, in contrast to those of a simple cyst. The anechoic or hypoechoic regions are often surrounded by regions of increased echogenicity, representing adjacent soft tissue edema. Many abscesses, notably chronic or partially treated lesions, are complex in appearance and can be difficult to distinguish from surrounding soft tissue. Gas-containing abscesses can be quite echogenic on sonograms, an appearance thought to result from the numerous highly reflective interfaces engendered by “microbubbles.”


Characteristic sonographic findings have been described in osteomyelitis. Although such infections typically begin in the medullary region of bone, they rapidly progress to involve adjacent soft tissues. Visualization of anechoic fluid collections adjacent to bone is considered highly suggestive of osteomyelitis. Elevation of the periosteum may also be observed, and periosteal elevation of greater than 2 mm is typically associated with subperiosteal pus.














Foreign Bodies


Sonographic detection of foreign bodies depends on differences in acoustic impedance between adjacent tissues and the foreign body (Fig. 6-13). Because all reported foreign bodies are hyperechoic, they are best visualized in slightly hypoechoic tissues such as subcutaneous fat, muscle, or inflammatory tissue. The foreign body itself is usually echogenic and, if embedded in a tendon, can be difficult to visualize. The foreign body, however, often incites an adjacent inflammatory reaction with vascular granulation tissue, which forms a hypoechoic rim about the hyperechoic foreign body, increasing its conspicuity. Some degradable foreign bodies (e.g., wood) may decrease in echogenicity over time and may disappear within an inflammatory collection.
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Figure 6-13 Foreign body. Scan of the foot demonstrates a foreign body as hyperechoic compared with adjacent soft tissue. The plain film results were negative. A splinter was removed with sonographic localization.




















Spine


Occult spinal dysraphism in infants can be evaluated with sonography. In about half of the children affected, the spinal defect is signaled by a cutaneous marker, such as hairy nevi, hemangiomas, or sinus tracts. Children at risk can be screened with sonography for cord tethering, because in the first year of life, ossification of the posterior elements of the spine is incomplete. This provides a window for scanning from a posterior approach. The spinal cord and abnormalities affecting it can be imaged with striking clarity.














Intraoperative Spinal Sonography


With appropriate care to maintain sterile conditions, many real-time sonographic systems can be adapted for use in the operating room, and instruments now exist that are designed specifically for this purpose. One of the major advantages of sonography is delineation of the extent of a particular problem before opening the dura, which reduces the time and risk of a surgical procedure. Also, processes anterior to the spinal cord—an area that normally cannot be seen without manipulation of the cord—can be identified easily. Localization and drainage of an intramedullary cyst or syrinx, whether idiopathic or related to trauma or an adjacent neoplasm, are relatively straightforward with ultrasonic guidance. The effectiveness of decompression can be assessed before the operation is terminated. Additional applications of intraoperative spinal sonography include the evaluation of patients with trauma; for the identification of bone fragments, foreign bodies, and cord compression; as well as determination of spinal alignment.














Metabolic Disease


The parathyroid glands are intimately involved in calcium homeostasis and therefore exert considerable influence on bone metabolism. It is the parathyroid glands themselves, however, rather than the osseous changes, that are of interest to sonographers. Normal parathyroid glands measure approximately 3 by 4 by 5 mm, and until the advent of high-resolution, real-time sonography, they could not be imaged. Parathyroid gland enlargement is important for diagnosis and management, and ultra-sonography is now accepted as the procedure of choice. Accuracy rates of approximately 90% have been reported from several centers. Should sonography fail to confirm parathyroid gland enlargement in the neck, CT scanning, MR imaging, or thallium-technetium scans may be useful. Approximately 5% of the population harbors ectopic parathyroid tissue, which is usually situated in the superior mediastinum along the embryologic pathway of thymic descent.














Hemophilia and Altered Coagulability States


The relative ease with which ultrasonography detects fluid collections such as hematomas makes it an attractive method for evaluating patients with hemophilia and altered coagulability states. Sonography has proved efficacious in this clinical setting, both in diagnosing areas of hemorrhage and in monitoring the natural history of the bleeding. Rectus sheath hematoma is a specific clinical entity that is misdiagnosed in as many as 60% of cases. Signs and symptoms often mimic those of acute abdominal or pelvic conditions, such as intestinal obstruction or hernia, twisted ovarian cyst, or perivesicular inflammatory disease. The sonographic appearance of a rectus sheath hematoma is characteristic and consists of an ellipsoid or spindle-shaped fluid collection in the superficial anterior abdominal wall. The tight boundaries of the rectus sheath confine the bleeding, and the process does not cross the midline unless it occurs low, where the posterior portion of the sheath is deficient.


Iliopsoas hematoma is a common complication of hemophilia. A somewhat typical syndrome of pain and nerve deficit occurs, with bleeding isolated to the closed iliacus compartment that contains the femoral nerve. The psoas fascia is looser and allows more extensive hemorrhage to take place. When this occurs on the right side, differentiation from acute appendicitis may be difficult clinically. Sonography is capable of detecting hemorrhage in both of these muscle compartments.


Depending on the age and chronicity of the hemorrhage, hematomas display a spectrum of appearances on gray-scale sonograms. When fresh and composed of liquid blood, a hematoma is homogeneous and appears virtually echo free. Internal echoes appear when a clot begins to organize and then fragment, resulting in a more complex sonographic appearance. Liquefaction of a clot may then lead once again to a variable fluid pattern on sonography. Considerable overlap exists, with similar features demonstrated, for example, by abscesses or tumors.














Interventional Ultrasonography


As noted earlier, ultrasonography can be used as a supplementary method in the treatment of a variety of disorders that affect the musculoskeletal system. Therapeutic injections of tendon sheaths, bursae, ganglion cysts, and joints can be performed under sonographic guidance. Similar injections in cases of plantar fasciitis, calcific tendinitis, and interdigital neuromas can also be monitored with ultrasonography, and synovial biopsies and abscess aspirations may require such monitoring.
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CHAPTER 7


Radionuclide Techniques


Robert Schneider




SUMMARY OF KEY FEATURES


This chapter contains a survey of the imaging and therapeutic aspects of various radionuclide methods. Despite the availability of many other imaging techniques, the importance of radionuclide examinations remains unchallenged.
















INTRODUCTION


Radioactive materials are used for diagnosis, therapy, and research in musculoskeletal disease. Initially, after the discovery of radioactivity, radioactive materials were used in musculoskeletal disease mainly for treatment. Later, radioactive materials were used for research in bone metabolism and various bony abnormalities, which eventually led to widespread clinical use in diagnosis.














RADIOPHARMACEUTICALS


In nuclear medicine, the terms radionuclide, radioisotope, radiopharmaceutical, and radiotracer are often used synonymously for the radioactive materials used. Isotopes are atoms with the same atomic number, but different atomic weights. A nuclide is the nucleus of a particular isotope, characterized by its atomic number and atomic weight. Nuclides or isotopes with significant differences in the number of protons and neutrons tend to be unstable and give off particles (alpha or beta) or electromagnetic radiation (gamma rays) in a transition toward stability (radioactive decay). Those nuclides and isotopes that undergo radioactive decay are called radionuclides and radioisotopes. Radiopharmaceuticals and radiotracers are radionuclides or radioisotopes that are used alone or combined with other materials for diagnosis, therapy, or research.


Diagnostic imaging in nuclear medicine depends on gamma radiation. Beta radiation is used in therapy and in autoradiography for research. The intensity of the radioactivity is determined by the number of nuclear transitions per unit time. Historically, radioactive intensity was expressed in curies (Ci). One curie equals 3.7 × 1010 transitions per second. A newer terminology for radioactive intensity, the becquerel (Bq), is now used. One becquerel is equal to one transition per second. The intensity of the radiopharmaceuticals used in nuclear medicine is usually stated as millicuries (mCi). One millicurie equals 37 megabecquerels (MBq). Radiation dose is measured in rads per millicurie or milligrays per megabecquerel. Radiation dose has to be considered in terms of the whole body dose and the dose to specific organs. The whole body dose for a bone scan with technetium-99m methylene diphosphonate (99mTc MDP) is 0.0065 rad/mCi, or about 0.13 to 0.19 rad for a scan. The greatest dose is to the bladder: 0.13 rad/mCi, or about 2.62 to 3.90 rads. The accumulation of radioactivity in the urine in the bladder is one of the reasons why the bladder should be emptied frequently during and after a scan.








Use in Bone Scanning


Various isotopes of many different elements localize in bone. Fluorine-18 (18F) has many excellent properties as a bone scanning agent. It has a high bone uptake at 50% to 60% of the dose—the highest among any of the bone scanning agents. It has a rapid soft tissue clearance through the kidneys. It decays by positron emission, producing gamma energy of 511 keV. It has a short half-life of 1.85 hours. It is relatively expensive due to its cyclotron production and short half-life. The energy of 511 keV is not ideal for a gamma camera, but relatively good counting efficiency can be obtained with rectilinear scanners. 18F has become an important radioisotope in nuclear medicine; it is used to tag fluorodeoxyglucose (FDG), a glucose analogue that measures metabolic activity, and is used in positron emission tomography (PET) scanning. 18F can be used alone for bone scanning by coincidence imaging with PET, producing high-quality tomographic images.


99mTc phosphonates are routinely used for bone scanning. 99mTc is an ideal scanning agent because of its short physical half-life of 6 hours and gamma energy of 141 keV, which is ideal for a gamma camera. It decays by isomeric transition. It is readily available at low cost. The phosphonate scanning agent routinely used is MDP.














Mechanism of Uptake


Blood flow to the bone is a necessary requirement for uptake of radiopharmaceuticals on a bone scan. If there is no blood flow to the bone, there will be no uptake, and a cold, or photopenic, area will be present. After injection, the radionuclide flows through the arteries and into the capillaries, with leakage into the extracapillary or extra-vascular space. In normal bone, the uptake is roughly proportional to the blood flow to the bone. However, in abnormal conditions, such as bony lesions or conditions accompanied by high bone vascularity, this is not the case, and uptake is not directly proportional to blood flow. Studies indicate that blood flow has an influence on bone uptake in bone scanning agents, but this influence is limited. Other factors intrinsic to the bone play a larger role in radionuclide uptake in areas of bony abnormalities.


The exact location in bone of 99mTc phosphonates is controversial. For the interpretation of bone scans, it does not matter whether the uptake is in the bone mineral, bone matrix, or both. The most important factor in the uptake of bone-seeking radiopharmaceuticals is new bone formation. Bone destruction without new bone formation does not lead to increased uptake. Increased vascularity also plays a role. Increased blood pool in the extravascular space can be caused by increased capillary permeability. Increased capillary permeability may be due to infection, trauma, or neovascularity found in tumors. In the early phases of the bone scan, the blood flow and blood pool studies measure vascularity and capillary permeability, whereas the uptake on delayed static images obtained 2 or more hours after injection is determined by a combination of new bone formation and vascularity.














Other Radiopharmaceuticals Used in Musculoskeletal Disease


Gallium-67 (67Ga) is used for imaging infection and neoplasms. 67Ga has a physical half-life of 3.26 days. It binds to some of the iron-binding molecules, including transferrin, lactoferrin, ferritin, and siderophores, which may be important in its uptake in tumors and inflamma-tory lesions. In infection, increased vascular permeability allows leakage of gallium into the soft tissues, where it is bound to acid mucopolysaccharide. Accumulation in neutrophils may not play a major role. Shortly after injection, gallium is bound to serum proteins, mainly trans-ferrin. About two-thirds remains in the body, and the rest is excreted by the kidney and bowel in about equal amounts. There is prominent uptake in the liver. Gallium in the bowel may interfere with interpretation of the scan. Gallium uptake varies with tumor type and has been used mostly in cases of lymphoma.


Indium-111 (111In) is used to label white blood cells for imaging inflammation. It can also be used to label colloid for bone marrow imaging. It has a physical half-life of 2.83 days.


Fluorine-18 2-deoxy-2-fluoro-D-glucose is a scanning agent used with PET. The mechanism of uptake is that it acts like glucose and is transported into cells, where it is converted into FDG-6-phosphate and trapped. In tissues with low rates of dephosphorylation, such as tumors, the amount of uptake of FDG is proportional to the rate of glycolysis. Malignant tumors and other conditions such as inflammation with high metabolic activity have increased glycolysis and increased uptake of FDG. The more malignant the tumor and the more rapid its growth, the higher the rate of glycolysis.


Thallium-201 (201Tl) is used in tumor imaging to help differentiate benign from malignant abnormalities and assess the results of therapy. It has a half-life of 3.05 days. It has biologic properties similar to those of potassium. Its uptake in tumors is related to perfusion and cellular metabolic activity. There is uptake in viable tumor and little uptake in necrotic tissue. 99mTc methoxyisobutyl isonitrile (sestamibi, or MIBI) is used in a manner similar to that of thallium. It is taken up in the mitochondria of tumors, owing to differences in cell membrane gradient. Both radionuclides have been used in myocardial perfusion imaging, and they have been used in musculoskeletal scintigraphy to help differentiate benign from malignant lesions and necrotic from viable malignant tumor tissue after therapy. High-grade malignant tumors have higher uptake than do low-grade malignant tumors or benign tumors.




















TECHNIQUES


Several guidelines or reviews of techniques for optimal bone scanning are available. Techniques may vary based on the available equipment or on the clinical situation.


Early-phase imaging (flow and blood pool) was originally emphasized for the diagnosis of infection; however, it also provides information about other abnormalities, including stress and traumatic fractures, tumors, reflex sympathetic dystrophy, synovitis, and arthritis. It helps in determining the chronicity of abnormalities, because increased vascularity returns to normal sooner than increased uptake evident on the delayed images. When pain is localized to a specific area, earlyphase scanning should be done, especially for the appendicular skeleton, pelvis, and hips. Early-phase imaging is less useful in the spine, thorax, and skull. Another choice is between a whole body scan and a limited scan of one or more parts of the musculoskeletal system. A limited scan is less expensive and takes less time but may not show wide-spread abnormalities that are unsuspected. A whole body sweep, done with a moving table or moving camera, does not provide as good resolution as do individual spot scans (Fig. 7-1). In evaluating localized pain, spot scans are preferred. Another decision is whether a single photon emission computed tomography (SPECT) scan should be done. SPECT is most useful in the spine to detect stress fractures of the pars interarticularis (Fig. 7-2) and in a variety of other spinal abnormalities, as well as to detect avascular necrosis about the hips and knees.
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Figure 7-1 Comparison of resolution. Whole body sweep (A) does not show the increased uptake in the right tibia (B, arrow), due to a stress reaction, as well as the spot scans of the lower legs do.
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Figure 7-2 Stress fractures of the right and left pars of L5. On a posterior planar scan (A), there is a suggestion of faint increased uptake in the posterior elements of L5, but the scan is not diagnostic. On a SPECT scan with coronal reconstructions (B), hot spots are seen in the right and left pars of L5 (arrows).








There are few contraindications to bone scanning. Allergic reactions are extremely rare. Although bone scanning is not definitely contraindicated in pregnancy, the procedure should be deferred if not absolutely necessary. Breastfeeding should be discontinued for 24 hours after radionuclide injection. For adults, the injected dose of 99mTc phosphonates is 20 to 30 mCi (740 to 1110 MBq). For children, the dose is 250 to 500 μCi/kg (9.25 to 18.5 MBq/kg). The patient should drink at least 16 ounces of fluid, preferably more, after the injection.














NORMAL BONE SCAN


The appearance of a radionuclide bone scan depends on a variety of factors, including the size and age of the patient, degree of hydration, renal status, vascular sufficiency, medications used by the patient, equipment, and technique. Blood flow studies are intravenous radionu-clide angiograms that show radionuclide in the arterial, capillary, and venous phases. Variations may occur in blood flow to the extremities, depending on the vascular status and activity. The blood pool scans show radionuclide in the extravascular space. Vascular structures such as kidneys, liver, spleen, and uterus are seen and should not be mistaken for sites of abnormality.


The delayed images obtained 2 to 4 hours after injection show radionuclide in the skeleton and soft tissue. The metaphyseal regions of long bones show higher uptake than do the diaphyses, where only mild uptake is present. This is due to the higher bone turnover rate in the metaphyses. The areas of highest uptake in the normal bone scan are the sternum and the sacroiliac joints. The anterior wings of the iliac bones and the coracoid processes normally show considerable uptake of the radionuclide. The patellae may show higher uptake than the remainder of the bones about the knees, which may be due to their greater vascularity.


Uptake in calcification of the costal cartilage may be seen as areas of radionuclide accumulation on the anterior scan of the chest. Uptake may normally be present in the soft tissues of the breast. Hyperostosis frontalis interna causes increased uptake in both frontal bones and can be recognized by its characteristic pattern on anterior and lateral views. With scoliosis, the concave side of the spine appears hotter than the convex side does. Thoracic kyphosis and lumbar lordosis may cause some areas of the spine to be farther from the camera, and they will not appear as hot as areas that are closer to the spine.


The radionuclide is excreted through the kidneys, which normally should be visible. If no uptake is seen in the kidneys, either there is renal failure or absent kidneys or a superscan is present, characterized by such high uptake in bone that little radioactivity is excreted by the kidneys. Hydronephrosis may be detected by the appearance of a dilated ureter and renal collecting system. An accessory renal pelvis can accumulate considerable radionuclide and give a false appearance of hydronephrosis. Bladder diver-ticula or the lateral aspects of a normal bladder may overlie the pubic bones, giving a false appearance of lesions. Urine leakage may occur, producing hot spots that overlie the skeleton and simulate lesions. Unbound 99mTc is taken up in the salivary glands, thyroid, and stomach. Thyroid and laryngeal cartilage uptake can be differentiated from abnormalities in the cervical spine, because they will be hotter on the anterior scan than on the pos-terior scan, whereas the reverse is true for cervical spine lesions. The tips of the scapulae may appear hot and overlie the ribs, simulating rib lesions. Views done with the scapulae raised and the arms brought across the chest may displace the scapulae from the ribs, eliminating this potential diagnostic problem.


The age of the patient may affect the appearance of the bone scan. Children have high, diffuse bone uptake and prominent uptake around the growth plates, owing to new bone formation in the growing skeleton. Elderly patients tend to have poor-quality bone scans. Heavy patients have poor-quality bone scans owing to the greater amount of soft tissue, which causes more scatter and higher attenuation of the photons in the soft tissues because of the greater distance of the detectors from the skeleton. Poor hydration prevents optimal clearance of the radionuclide from the soft tissues. Renal failure also prevents good soft tissue clearance.















METABOLIC BONE DISEASE



High Bone Turnover Conditions





A number of conditions, including osteomalacia, hyper-parathyroidism, and renal osteodystrophy, are frequently associated with increased bone turnover. Increased bone resorption by itself does not cause increased uptake on a radionuclide bone scan; however, such increased resorption is often accompanied by increased formation of bone, which does cause increased uptake. Multiple hot spots in adjacent ribs on both sides of the body in a patient with no history of trauma are suggestive of osteomalacia, as are hot spots in the inferior tips of the scapulae (Fig. 7-3). Insufficiency fractures in metabolic bone disease may also be seen in the pubic rami, femoral necks, femoral condyles, metaphyses of the proximal and distal portions of the tibia, sacrum, and calcaneus.
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Figure 7-3 Osteomalacia. Hot spots in the inferior scapulae bilaterally (arrows), in a patient who presented with a clavicle fracture, suggested the diagnosis of osteomalacia, which was confirmed by biochemical tests and bone biopsy.








Bone scanning for detection of osteomalacia, renal osteodystrophy, and, to a lesser degree, primary hyper-parathyroidism has been shown to be more sensitive than radiography. Bone scans in patients with osteoporosis do not show these metabolic features, except when accompanied by fractures. A flare response on the bone scan has been reported after treatment for osteomalacia. This response is most likely caused by increased osteoblastic activity due to bone healing and should not be mistaken for progressive disease. In patients with osteomalacia whose symptoms are not improved after 6 months or more of therapy, the possibility of oncogenic osteomalacia should be considered. The cause of this condition is thought to be production of a substance by an osseous or soft tissue tumor that initiates biochemical change, causing osteomalacia. Most of these tumors are benign, fibrous, and highly vascular and include giant cell granu-lomas, cavernous hemangiomas, fibroangiomas, nonossifying fibromas, and, rarely, malignant tumors.


Secondary amyloidosis occurs in chronic renal failure, particularly when treated with hemodialysis. There is deposition of β2-microglobulin amyloid in and around bones and joints, as well as in other locations. Increased uptake of 99mTc phosphonates may occur in the articular and periarticular regions in some (but not all) cases of amyloid deposition, and this uptake may precede radiographic changes. Uptake of 67Ga and 201Tl may also be seen in the articular regions of patients with such amyloid deposition. Increased uptake of Tc phosphonates is present in the brown tumors of hyperparathyroidism and may mimic metastatic disease. 99mTc sestamibi is often used to localize parathyroid adenomas and also shows increased uptake in brown tumors.








Generalized Osteoporosis


If all other conditions are equal, a greater quantity of bone in any region shows proportionately more uptake of Tc phosphonates than does a smaller quantity. However, the uptake in a volume of bone is determined not only by the quantity of bone but also by the rate of bone turnover and bone vascularity. Thus, a bone scan cannot be used to measure bone density. Bone scanning in patients with osteoporosis is useful for the evaluation of compression fractures of the spine, insufficiency fractures at any site, and other causes of bone and joint pain. The typical appearance of a compression fracture is a bandlike area of increased uptake in the vertebral body (Fig. 7-4). The bone scan may be positive before vertebral collapse is seen radiographically. If the bone scan is normal in the presence of a compression fracture that is visible on conventional radiographs, the fracture is not new. Bone scans following fracture return to normal in 59% of patients by 1 year, 90% by 2 years, and 97% by 3 years.
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Figure 7-4 Vertebral compression fracture. Bandlike high uptake in the T9 vertebral body (arrow) on the posterior scan (A) was caused by a compression fracture that was also seen on a radiograph. Twelve months later (B), there is only minimal increased uptake in T9 (arrow).








Insufficiency fractures associated with osteoporosis may occur in the sacrum, pubis, femoral neck, metaphyses of the proximal and distal portions of the tibia, calcaneus, and ribs, especially the anterior aspect of the ribs. In osteo-porosis, there is not the same tendency toward bilateral and symmetrical fractures that is seen in osteomalacia.














Disuse Osteoporosis


Disuse can cause increased bone turnover and increased uptake on a bone scan. In patients with fractures of the shafts of long bones, diffuse increased uptake is often seen about the joint distal to the fracture. In patients who have bone scans for suspicion of fracture and who are using crutches, the bone scan sometimes shows decreased vascularity and uptake in the limb because of decreased blood flow due to immobilization. In a study of patients with hemiplegia from cerebrovascular accidents, it was found that 65% showed decreased uptake of the radionu-clide in the blood flow and blood pool images and normal uptake on delayed images in the affected hand as a result of paralysis or disuse; 25% had diffuse increased uptake on delayed images, which was thought to represent reflex sympathetic dystrophy.














Reflex Sympathetic Dystrophy


Reflex sympathetic dystrophy (RSD) has also been designated complex regional pain syndrome, sympathetically mediated pain syndrome, algodystrophy, Sudeck’s atrophy, and causalgia. Diagnostic criteria for RSD include pain and tenderness in an extremity, soft tissue swelling, dystrophic skin changes, vasomotor instability, functional impairment, and patchy osteoporosis. RSD may demonstrate three scintigraphic patterns, which roughly correlate with three clinical stages.


















Stage I (Inflammatory).


Pain, swelling, and erythema are present. Increased vascularity is seen on the blood flow and blood pool images, and there is increased uptake on the delayed static scans.














Stage II (Dystrophic).


This stage is characterized by burning and throbbing pain, a reduced range of joint motion, and skin thickening. The blood flow and blood pool images are normal, and there is increased uptake in the delayed images.














Stage III (Atrophic).


The skin temperature is decreased, joint function is decreased, and contractures are present. Severe osteoporosis may be evident on radiographs. Bone scanning shows decreased uptake on blood flow and blood pool images and normal or decreased uptake on delayed static images.


In RSD, the scintigraphic abnormalities are diffuse, not focal, with widespread increased uptake on delayed images and prominent periarticular uptake (Fig. 7-5). In some cases, other joints of the ipsilateral extremity may also show diffuse increased uptake. Abnormalities other than RSD, however, can cause similar scintigraphic findings. These include synovitis and arthritis, cellulitis, soft tissue trauma, and disuse osteoporosis. The bone scan may also be helpful in patients with suspected RSD by showing a focal abnormality that may be due to trauma or neoplasm. The scintigraphic diagnosis of RSD is most accurate in the early stages of the disorder, with a duration of less than 6 months.
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Figure 7-5 Reflex sympathetic dystrophy of the left hand. A, Mildly increased activity in the blood flow (left) and blood pool (right) phases are noted in the left hand. B, Diffuse increased uptake is seen in the left hand and wrist, with prominent periarticular uptake. C, Radiograph shows osteoporosis in the left hand and wrist.






































Transient Osteoporosis


Transient osteoporosis of the hip, also called transient bone marrow edema syndrome, is characterized by markedly increased uptake in the entire femoral head and increased uptake extending down the femoral neck to the intertrochanteric region or proximal shaft of the femur (Fig. 7-6). Increased activity on blood flow and blood pool scans is characteristic. The hypothesis for the cause of transient osteoporosis is an episode of ischemia of the femoral head that does not lead to osteonecrosis. Reactive hyperemia and repair of the ischemic bone occur, accounting for the scintigraphic findings. In transient osteoporosis, intense and homogeneous uptake of the radionuclide agent with femoral head and femoral neck involvement is typical. Insufficiency fractures involving the femoral neck, subchondral portion of the femoral head, or both, may have a scintigraphic appearance similar to that of transient osteoporosis.
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Figure 7-6 Transient osteoporosis of the hip. A, Increased radionuclide uptake in the right femoral head, extending into the femoral neck, is seen. B, Coronal T2-weighted MR image shows diffuse increased signal in the right femoral head. C, Radiograph of the pelvis shows osteoporosis in the right femoral head.




















Paget’s Disease


Paget’s disease results in high bone turnover with intense osteoclastic and osteoblastic activity and increased vascularity. Although in the early stages it may be osteolytic, the osteoblastic activity eventually produces osteosclerosis. Both osteolytic and osteoblastic lesions of Paget’s disease produce high uptake on a bone scan. Late in the course, the disease may become quiescent, and relatively little or no increased uptake may be present on the bone scan. Bone scanning is more sensitive than radiography in the detection of lesions of Paget’s disease. Symptomatic lesions in Paget’s disease are almost always characterized by increased uptake. Pagetic lesions that are positive on radiographs and negative on bone scans are usually asymptomatic and sclerotic. In osteolytic Paget’s disease of the skull (osteoporosis circumscripta), high uptake of the radionuclide may be noted only at the edge or margin of the lesion.


Pagetic lesions are most common in the pelvis, spine, femur, skull, and tibia, but can be present anywhere in the skeleton (Fig. 7-7). The characteristic scintigraphic appearance is high uptake involving a large area of bone. In the long bones, the end of the bone is involved, although an exception is sometimes seen in the tibia. In the spine, there is involvement in the vertebral body and, sometimes, in the posterior elements, including the spinous process. This may give a characteristic appearance described as the “Mickey Mouse sign” (see Fig. 7-7).
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Figure 7-7 Paget’s disease. High uptake is seen in the cervical, thoracic, and lumbar vertebrae; sacrum; pelvic bones; skull; and a left rib.








Malignant transformation is a complication of Paget’s disease. In such transformation, the most common scintigraphic finding is a cold area within the region of high uptake. In some cases, there may be no cold area, and the presence of bone destruction related to the sarcoma may be obscured by the high uptake of the adjacent pagetic bone. Uptake in the soft tissues adjacent to a pagetic lesion is another sign that is suspicious for malignant transformation.





















NEOPLASTIC DISEASE



Metastatic Disease





Radionuclide bone scanning is the procedure of choice for the evaluation of metastatic disease to the skeleton, except for the assessment of multiple myeloma. The bone scan provides information about the presence, location, extent, and response to therapy of bony metastases; allows the evaluation of equivocal radiographic findings; and provides guidance regarding the site of biopsy. Abnormalities on bone scans alone, however, should not alter therapy unless metastatic disease is confirmed by other methods.


Bone scintigraphy or another imaging method is indicated in patients with cancer who have musculoskeletal pain. Although metastatic disease should be the first consideration, in the majority of cancer patients without known metastatic disease, the cause of musculoskeletal pain is not malignancy. Bone scans detect metastatic disease that is not seen radiographically. Another issue is the use of serial bone scans to follow patients with malignant tumors. Early diagnosis of asymptomatic skeletal metastases does not necessarily lead to increased survival or benefit to the patient.


Metastatic lesions to the skeleton occur through the venous, arterial, or, less commonly, lymphatic circulation. The vertebral venous plexus of Batson has an important role in the spread of metastases to areas in the axial skeleton. In patients with osseous metastases, the vertebrae and thorax are involved in up to 50% of cases, the pelvis in 38%, the extremities in 34%, and the skull in 22%.


Blastic, mixed, and lytic lesions usually show increased uptake on a bone scan. In blastic lesions, this is related to the tumor stimulating the osteoblasts. With lytic lesions, there is usually an osteoblastic repair response to the osteoclastic resorption caused by the tumor. If there is no repair response, a cold, or photopenic, lesion will occur (Fig. 7-8). Although the exact incidence of cold metastatic lesions is not certain, because they may be difficult to detect, they are relatively uncommon. Most multifocal or metastatic tumors, except for multiple myeloma and some highly aggressive anaplastic tumors, are associated with a repair response. Cold lesions are sometimes seen in metastatic lesions arising from bronchogenic carcinoma.
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Figure 7-8 Metastatic lesions. A large lytic lesion in the sacrum from metastatic melanoma shows decreased uptake, or photopenia (arrows), on a posterior image of the pelvis.








Multiple areas of increased uptake in a random pattern, predominantly in the axial and the proximal appendicular skeleton, are typical of metastatic disease. Increased vascularity is often present on earlyphase images, owing to tumor-induced neovascularity with increased capillary permeability. Scintigraphic abnormalities that are usually related to benign causes include a pattern of focal round areas of increased uptake in adjacent ribs at the same location, which is typical of fracture; hot spots in the anterior ribs near the costochondral junctions and at the posterior costovertebral margins, which are often associated with osteoporosis; and uptake in the periarticular regions, especially involving both sides of the joint, usually due to arthritic disease. Isolated uptake in the peripheral appendicular skeleton is rarely caused by metastases. Occasionally, lung cancer metastasizes to the hands or feet.


Metastatic disease in the spine typically involves the vertebral body or the vertebral body and the pedicle. The pedicle is rarely involved alone. SPECT scanning is more sensitive than planar imaging in detecting vertebral metastases and helps in differentiating benign from malignant disease. Using SPECT, focal uptake confined to the ver-tebral body is typically benign, as is diffuse uptake confined to the vertebral body. In contradistinction, when there is uptake in both the vertebral body and the pedicle, the responsible tumor is typically malignant.


In lymphoma, bone scans show abnormal uptake, but the pattern may differ from that of metastatic disease. There may be multiple subtle and often asymptomatic lesions, with frequent involvement of the bones of the extremity (Fig. 7-9). Diffuse, patchy uptake may reflect marrow involvement. Some lesions involving the bone marrow, without cortical extent, may not be positive on a bone scan. In leukemia, bone scans are usually normal. In multiple myeloma, bone scanning shows only about 50% of the lesions that are evident on radiography and under-estimates the extent of the disease, compared with a radiographic skeletal survey. Radiographic skeletal surveys rather than bone scans are used to follow the course of multiple myeloma.
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Figure 7-9 Non-Hodgkin’s lymphoma. The patient presented with a long lesion in the shaft of the left femur. A, Bone scan shows abnormalities in the shaft of the left femur, left and right iliac bones, and L4. B, T2-weighted MR image with fat suppression reveals the lesion in the left femur but also shows multiple areas of increased signal in the marrow in other locations, including the right femur, both iliac bones, and L3, L4, and L5. Many of the large and small marrow lesions are not visible on the bone scan.








In following the course of treatment of metastatic disease with serial bone scans, the flare response may be seen. This is characterized by an increase in the intensity and number of focal areas of increased uptake on bone scans performed within the first 3 months after treatment, followed by decreased uptake on later scans. This finding is believed to predict successful therapy and is thought to be due to an osteoblastic response. Radiographs may show osteosclerosis developing in the bony lesions.


Magnetic resonance (MR) imaging has higher sensitivity and specificity than does planar bone scanning for the evaluation of metastatic lesions. Whole body MR imaging with fast spin echo and fast short tau inversion recovery (STIR) sequences, covering the whole skeleton or only the axial skeleton, takes less than 1 hour and has been shown to be an effective method that demonstrates more metastatic lesions than does bone scanning. At this time, however, bone scintigraphy remains the initial procedure used most frequently to screen for skeletal metastases. MR imaging is usually used as a complementary technique when the scintigraphic findings are not diagnostic.


PET scanning with 18F has been used to evaluate skeletal metastases and other benign and malignant osseous lesions. In comparison to radionuclide bone scanning, PET has been found to be more sensitive. The sensitivity of 18F PET is similar to that of MR imaging. PET scanning with FDG has been used for the detection of skeletal as well as soft tissue metastases (Fig. 7-10). With FDG, uptake occurs in the metabolically active zones of the tumor because of increased glucose metabolism, whereas with scanning using bone-seeking radionuclides, uptake is due to new bone formation. A recent study found that FDG-PET was superior to Tc MDP bone scanning in the detection of osteolytic metastases but was inferior in the detection of osteoblastic metastases. The osteoblastic lesions apparently had lower metabolic activity and so were less detectable with FDG. FDG-PET, when compared with bone scanning, had a lower sensitivity for the detection of osseous metastases in prostate cancer. FDG-PET was found to be superior to bone scanning in the detection of skeletal lesions in lymphoma.
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Figure 7-10 An FDG-PET scan, with sagittal and coronal tomographic images, shows increased uptake (arrows) in a bony metastasis in L5 from colon cancer, as well as multiple soft tissue metastases in lymph nodes. (Courtesy of R. Katz, MD, New York, NY.)








Iodine-131 (131I) is used to detect metastases, including those to bone, from differentiated thyroid carcinoma. The image quality and ability to localize abnormalities are not as good as with bone scanning. Metastases from more aggressive thyroid cancers that do not accumulate radioactive iodine cannot be detected with 131I scanning but usually can be detected with bone scans.


99mTc sestamibi (MIBI) localizes in bone marrow that is involved with malignancy. This method has been used to detect lesions in multiple myeloma, leukemia, lymphoma, and skeletal metastases. It may be most useful in detecting and showing the extent of conditions with diffuse marrow involvement that may not be seen with bone scanning. 201Tl acts in a manner similar to MIBI. Malignant bone marrow lesions reveal increased uptake.


67Ga scanning is similar to bone scanning with regard to sensitivity in detecting bony lesions in lymphoma, and it allows the detection of extraosseous involvement. For bone lesions related to lymphoma, 67Ga scanning can be used to monitor the response to therapeutic intervention.








Primary Malignant Bone and Soft Tissue Tumors


Almost all primary malignant bone tumors reveal increased uptake on a bone scan, owing to tumor neovascularity, increased capillary permeability, and increased bone turn-over from bone destruction and repair. This finding cannot be used to differentiate between benign and malignant lesions with certainty. However, primary malignant bone tumors tend to be associated with characteristic scintigraphic patterns, although overlap occurs and there is no unique pattern of features (Fig. 7-11). Soft tissue sarcomas have increased blood flow, as seen on earlyphase images of a bone scan (Fig. 7-12). Delayed images often show mild increased uptake in soft tissue lesions. Higher uptake of the radionuclide on delayed images may be present if calcification or ossification is present within the tumor.
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Figure 7-11 Osteosarcoma of the left femur. A, Bone scan of an osteosarcoma of the left distal femur shows patchy, inhomogeneous high uptake and lower uptake in the center. B, On the radiograph, a lytic lesion is present, with cortical destruction and extension into the soft tissues.
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Figure 7-12 Soft tissue sarcoma. A, Increased activity (arrows) is noted in the left thigh on the blood pool scan. B, STIR MR image shows high signal in the soft tissues of the thigh.








High-grade malignant lesions tend to have high uptake of radionuclides, and benign tumors tend to have lower uptake. Low-grade malignant tumors cannot always be differentiated from benign tumors, however.














Benign Bone Tumors and Tumor-Like Conditions


In benign bone tumors, the uptake of 99mTc phosphate bone scanning agents varies with the type of tumor; normal, mildly increased, markedly increased, and even decreased uptake may be present. The vascularity on earlyphase imaging may also vary. Bone scanning is very helpful in the diagnosis of osteoid osteomas, especially when radiographs are normal or nondiagnostic. This often occurs when the lesion is in the spine, pelvis, or hip (Fig. 7-13). The characteristic scintigraphic appearance is a small, round, focal area of high uptake. There may be increased vascularity on earlyphase scans, but this is often not present. A computed tomography (CT) scan is necessary to confirm the diagnosis of osteoid osteoma and to localize it for removal, either by open surgery or percutaneously under CT guidance.
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Figure 7-13 Osteoid osteoma. A, Bone scan shows a focal area of increased uptake in the left femoral neck (arrow).B, T1-weighted spin echo (left) and STIR (right) MR images show bone marrow edema in the left femoral neck and acetabulum and a synovial effusion. The nidus of an osteoid osteoma is not seen. C, Radiograph taken at the time of the bone scan shows mild cortical thickening of the medial femoral neck. D, CT scan shows an osteoid osteoma with a calcified nidus in the anterior aspect of the femoral neck.








Most cases of enchondroma are “warm” or “hot” on bone scans; however, bone scanning cannot differentiate enchondroma from chondrosarcoma. In Ollier’s disease (enchondromatosis), the sites of multiple enchon-dromas can be detected. In giant cell tumors, bone scanning shows high uptake on both the early and delayed images, most intensely in the periphery of the lesion. A “donut” appearance is frequent, with a rim of high uptake surrounding a central area of lower uptake (Fig. 7-14). A similar appearance can be seen in other tumors, however.
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Figure 7-14 Giant cell tumor. A, High uptake is seen in the right lateral tibial plateau. Lighter anterior and right lateral images show a rim of high uptake surrounding an area of lower uptake. B, A lytic lesion is present in the lateral tibial plateau on the radiograph. The fat-suppressed intermediate-weighted spin echo MR image shows mixed high signal in the lesion.








Increased uptake on bone scanning is present in aneurysmal bone cysts, with most revealing a rim of increased uptake around the periphery of the cyst and lower uptake in its center. The intensity of the uptake may vary; however, some aneurysmal bone cysts may show only mild or, rarely, normal uptake. Early-phase scans may show increased radionuclide uptake, reflecting marked hyperemia in the center of the lesion. Unicameral bone cysts have normal or sometimes decreased uptake, except when they are fractured, in which case high uptake is present. The scintigraphic appearance of hemangiomas of bone varies, depending on the biologic activity of the tumor, its site, and the resolution of the equipment.


Fibrous dysplasia is a condition in which there is replacement of normal bone by abnormal fibro-osseous tissue with rapid bone turnover. The bone scan in fibrous dysplasia shows areas of high uptake. The role of bone scanning in patients with Langerhans’ cell histiocytosis is controversial, with variable sensitivity. Most bone islands have normal uptake on a bone scan. Growing bone islands may also have normal uptake. However, increased uptake has been reported in large bone islands. Bone scans show normal findings in osteopoikilosis and osteopathia striata but show increased uptake in melorheostosis.





















TRAUMA



Traumatic Fractures





Bone scanning may be used to detect fractures when radiographs are normal or nondiagnostic, especially in areas that are difficult to evaluate radiographically. Fractures can be detected by bone scan within 24 hours in 95% of patients younger than 65 years. By 72 hours, 95% of fractures in all patients are abnormal on bone scan. Increased blood flow, growth of new blood vessels, and callus formation by osteoblasts occur within hours after the fracture. There are differences in the magnitude of uptake in fractures at different sites. Fractures in peri-articular locations reveal high uptake within the first day after trauma. Fractures in the axial skeleton and shafts of the long bones reveal a slower increase in the intensity of uptake, with some requiring 12 days to appear positive on a bone scan. Skull fractures are usually not detected on a bone scan. After the traumatic episode, all fractures have increasing uptake of the radionuclide bone scanning agent, with peak accumulation at 2 to 5 weeks. By 1 year following trauma, the bone scans in 79% of rib fractures, 64% of long bone fractures, and 59% of vertebral fractures return to normal. By 2 years, bone scans in 90% of all fractures are normal.


The diagnosis of a fracture of the femoral neck in patients with normal or nondiagnostic radiographs can be made by radionuclide bone scanning or by MR imaging. Recent evidence suggests that MR imaging has greater sensitivity and specificity for the diagnosis of hip fractures. Bone scanning is often used in the diagnosis of occult scaphoid fractures (Fig. 7-15).
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Figure 7-15 Scaphoid fracture. The blood pool (A) and delayed 3-hour bone scan (B) images show increased activity in the scaphoid (arrows), consistent with a fracture, in a patient who had wrist trauma and normal radiographs.














Stress Fractures


Stress fractures are caused by focal areas of bone resorption occurring as a response to stress, with ultimate weakening of the bone that may lead to fracture. Bone scans are almost always abnormal in stress fractures at the time of onset of pain, whereas radiographs are often normal at this time. The scintigraphic appearance of stress fractures depends on the location, type of bone, and chronicity. Stress fractures can be divided into three types: (1) fatigue fractures due to excessive stress on normal bone, usually found in athletes; (2) insufficiency fractures, due to stress on weakened bone, found in metabolic bone disease; and (3) pathologic fractures caused by neoplasms.


In the early stages of a stress fracture, radiographs may be normal; subsequently, periostitis is observed, and eventually a fracture line is evident. With scintigraphy, the blood flow and blood pool scans are abnormal in recent stress fractures, with first the blood flow and then the blood pool scans returning to normal by about 2 months. The delayed images return to normal more slowly and may still show mild increased uptake 8 to 10 months after the time of clinical presentation. Focal areas of increased uptake are often found in the feet in symptomatic or asymptomatic athletes and should be regarded as stress changes. A focal area of markedly increased uptake in vascular and delayed phases of the bone scan should be considered a stress fracture in a patient with the sudden onset of foot pain.


Femoral neck stress fractures are seen as focal increased uptake in the medial or lateral aspects of the femoral neck or as a bandlike area through the entire femoral neck (Fig. 7-16). Recent articles have also described insufficiency fractures of the subchondral portion of the femoral head. These may simulate osteonecrosis or transient osteo-porosis on clinical assessment and imaging studies. Sacral fractures are a frequent cause of low back pain in osteo-porotic patients. Such fractures may involve both sacral alae and the body of the sacrum, giving a characteristic H appearance on the bone scan, which is diagnostic (Fig. 7-17). They may also involve only one sacral ala, giving the appearance of high uptake in the region of the sacroiliac joint, which must be differentiated from sacroiliitis. High-dose radiation therapy that includes the bones of the pelvis may cause sacral and pubic bone insufficiency fractures.
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Figure 7-16 Stress fracture of the femoral neck. A, Focal area of increased uptake is present in the medial aspect of the left femoral neck on the bone scan (arrow). B, Radiograph taken 2 weeks after the bone scan shows an area of sclerosis in the medial aspect of the femoral neck (arrow), confirming the presence of a stress fracture.
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Figure 7-17 Sacral insufficiency fractures in three patients. A, High uptake is noted in both sacral alae and the body of the sacrum, seen best on the posterior image (arrows), which shows the H appearance diagnostic of a sacral stress fracture. Fracture of the right superior and inferior pubic rami are also seen (arrows, upper right image). B, Another patient’s bone scan reveals high uptake in the right sacroiliac region. A CT scan shows a fracture of the right sacral ala (arrow, right image). C, A third patient had fractures of the left sacral ala, body of the sacrum, and left superior and inferior pubic rami.








Stress fractures of the pars interarticularis (i.e., spondylolysis) may be a cause of back pain in athletes. SPECT scanning is more sensitive than planar imaging for the detection of spondylolysis and also provides better localization of the defect. Radiographs are often normal. CT scanning may help visualize the fracture, which may be unilateral or bilateral. Increased uptake at the site of spondylolysis suggests that it is the cause of the patient’s symptoms of back pain.


The location of the stress fracture depends on the sport or activity and the type of stress that is present. The most frequent site of a stress fracture in runners is the tibial shaft, followed by the metatarsal shaft. Other sites include the calcaneus, femoral shaft, femoral neck, pubic bone, fibula, tarsal navicular bone, posterior elements of the spine, and sacrum. Gymnasts, weight lifters, and tennis players tend to get stress fractures in the posterior elements of the spine because of the hyperextension of the vertebral column that accompanies participation in these activities.


Shin splints is a term that has been used to describe chronic exertional shin pain in athletes, which can be caused by a variety of abnormalities. The medial tibial stress syndrome is the most frequent type of exertional shin pain in athletes. Pain in the posteromedial aspect of the tibia may be caused by tibial periostitis, tibial stress fracture or stress reaction, or distal deep chronic posterior compartment syndrome. Blood flow and blood pool scans are normal in cases of shin splints. The location of the uptake suggests that it is related to the attachment site of the soleus muscle. The posterior and anterior tibialis muscles may also be involved in shin splints (Fig. 7-18). The cause of the pain is thought to be periostitis occurring along the tibia caused by muscular and tendinous strain associated with inflammation.
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Figure 7-18 Stress fracture of the tibia and anterior shin splint. A short fusiform area of increased uptake in the posterior aspect of the distal shaft of the tibia represents a stress fracture (large arrow). A long longitudinal area of increased uptake in the anterior aspect of the tibial shaft is consistent with a shin splint (small arrows).




















Soft Tissue Injuries


The scintigraphic appearance of exertional compartment syndrome is an area of decreased uptake in the tibial shaft with increased uptake superiorly and inferiorly. The decreased uptake is most likely due to decreased blood flow from increased pressure in the compartment. 201Tl chloride is reported to be effective for the diagnosis of exertional compartment syndrome in the lower legs. Bone scans may show evidence of muscle injury. Long-distance runners show increased uptake in the muscles on bone scans obtained within 48 hours of a race, with return to normal by 1 week. The muscles that show increased uptake are the ones used most during the exercise, due to exercise-induced rhabdomyolysis.




















INFECTION


Three-phase bone scanning with 99mTc phosphonates is an important imaging method in the diagnosis of mus-culoskeletal infection. The use of earlyphase imaging allows cellulitis to be diagnosed and differentiated from osteomyelitis and septic arthritis in cases of suspected infection. Increased activity in blood flow and blood pool phases of the examination, without increased uptake or only mild, diffuse increased uptake in the delayed phases is consistent with cellulitis (Fig. 7-19). A fourth phase, a 24-hour scan, may be helpful when the diagnosis is uncertain. Increased uptake within the bone on all three or four phases of the bone scan is consistent with the diagnosis of osteomyelitis; however, this pattern is not specific, as fractures, tumors, and other abnormalities may have a similar or identical scintigraphic appearance (Fig. 7-20).
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Figure 7-19 Cellulitis. Blood flow (A) and blood pool (B) scans show increased activity in the right lower leg. The delayed 3-hour images (C) show mild increased activity in the soft tissues of the anterior aspect of the right lower leg, but the activity is less intense than that in the blood flow and blood pool scans.
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Figure 7-20 Osteomyelitis. A, Blood pool and delayed 3-hour images of a bone scan show increased activity in the metaphyseal region of the medial aspect of the left distal tibia (arrows). B, Radiograph shows a lytic lesion in the medial metaphyseal region of the distal tibia (white arrow). C, STIR MR image demonstrates high signal in the lesion in the medial aspect of the distal tibia and shows that the lesion crosses the growth plate from the metaphysis into the epiphysis and extends into the soft tissues (arrows).








Septic arthritis is characterized by hyperemia on earlyphase images and diffuse increased uptake around the joint on delayed images. This is not specific for infection, as noninfectious inflammatory arthritis has similar findings. Osteomyelitis may coexist with septic arthritis. In osteomyelitis, there may also be decreased uptake, or even cold areas, within the bone, most likely due to ischemia caused by increased pressure in the medullary cavity, beneath the periosteum, or in the soft tissue from the infection. Newer imaging methods, however, including inflammatory scanning agents and FDG-PET, have been shown to be more accurate for the evaluation of musculoskeletal sepsis complicating orthopedic implants, owing to the low specificity of standard bone scanning in this clinical setting. MR imaging has been shown to be more accurate than bone scanning in cases of chronic osteomyelitis, but metal artifact makes it less useful in the presence of many orthopedic implants.


Although gallium scanning is moderately accurate for diagnosing low-grade musculoskeletal infection, including infection of joint prostheses, 111In-labeled white blood cell (leukocyte) scanning has had superior results and has replaced gallium scanning in most cases. Gallium scanning may be preferred in children, however, in whom the higher radiation dose of 111In-labeled leukocyte scans has to be considered.


Radiolabeled leukocyte scanning is the predominant inflammatory scanning method for musculoskeletal infection at this time. The labeling process is time consuming and is relatively expensive if done by a commercial laboratory. A lower radiation dose, higher photon flux, and earlier imaging at 2 and 4 hours after preparation, are advantages of 99mTc HMPAO–labeled leukocytes. With 111In-labeled leukocytes, there is a higher radiation dose, imaging is accomplished at 3 and 24 hours, and a smaller dose is injected, resulting in images of poorer quality. Because musculoskeletal infection, especially with orthopedic implants, is often low grade and chronic in nature, 111In labeling is usually preferred to 99mTc HMPAO labeling, as it allows more time for the leukocytes to migrate to the site of infection.


The FDG-PET method has a high sensitivity for the diagnosis of musculoskeletal infection (Fig. 7-21). It is useful in the assessment of the axial as well as the peripheral skeleton. FDG-PET is not specific, however, because inflammation, tumors, and other causes of increased glucose metabolism may cause greater uptake of this agent. In the early postoperative period, it is difficult to distinguish between postoperative reactive changes and infection.
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Figure 7-21 FDG-PET scan and 111In-labeled leukocyte scan in a patient with an infected hip prosthesis. A, FDG-PET scan shows high uptake (arrows) lateral to the left hip. B, This area corresponds to the site of an abscess cavity that communicated with the left femoral hemiarthroplasty. C, The 24-hour 111In-labeled leukocyte scan shows mildly increased uptake at this site (arrows).








Identifying osteomyelitis in joints with neuropathic arthropathy may be difficult. Bone scans show increased vascularity and radionuclide uptake in both conditions. Radiolabeled leukocyte scans may show increased uptake in noninfected neuropathic arthropathy. Combined leukocyte and bone scans may produce false-positive scans for infection with spatial or intensity mismatching. Combined leukocyte and bone marrow scans improve the specificity for infection (Fig. 7-22). With infection, increased uptake may be seen on the 24-hour leukocyte scan as compared with the 4-hour scan, which is not true in noninfected neuropathic arthropathy. Neuropathy demonstrates mild, diffuse increased uptake in noninfected cases, compared with focal intense uptake with osteomyelitis. It may also be difficult to distinguish osteomyelitis from soft tissue infection. Soft tissue infection adjacent to bone may cause increased uptake on delayed images of a bone scan. Increased activity in the arterial phase of the blood pool scan occurs in osteomyelitis, whereas only venous hyperemia is present in soft tissue infection.
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Figure 7-22 Infection and neuropathic osteoarthropathy in a diabetic patient. A, Bone scan shows increased uptake in the right first toe and in the left midfoot. B, Simultaneous 24-hour 111In-labeled leukocyte scan (left) and 1-hour 99mTc sulfur colloid bone marrow scan (right) show increased leukocyte uptake in the right first toe (arrow) that is not matched by bone marrow uptake, indicating infection. There was matched leukocyte and bone marrow uptake in the left midfoot, consistent with neuropathic osteoarthropathy.




















PAINFUL JOINT PROSTHESES


Radionuclide scanning may help detect the cause of pain in patients with joint prostheses, including infection, mechanical loosening, and fracture. In asymptomatic patients with cemented hip prostheses, increased uptake may be seen following surgery. Six months after surgery, activity around the lesser trochanter and femoral shaft becomes insignificant. By 2 years, activity around the acetabulum, greater trochanter, and tip of the femoral stem has stabilized; however, 10% of prostheses are characterized by continued uptake at these sites. With total knee prostheses, persistent increased uptake of the radionuclide may be present in asymptomatic patients, especially around the tibial component. Early studies of bone scanning in painful hip prostheses suggested that focal increased uptake at the tip of the femoral stem and greater and lesser trochanters indicates mechanical loosening (Fig. 7-23), whereas diffuse increased uptake indicates that the prosthesis is infected (Fig. 7-24). These patterns were not found to be specific for differentiating infection from mechanical loosening, however.
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Figure 7-23 Bone scan in a case of mechanical loosening of the femoral component of a total hip prosthesis. The 3-hour image shows increased uptake around the tip of the femoral stem and around the greater and lesser trochanters, consistent with mechanical loosening. Increased uptake in the right femoral head was due to osteonecrosis. The radiograph shows a prominent lucency at the cement-bone interface around the entire femoral component, consistent with loosening.
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Figure 7-24 Bone scan in a patient with an infected total hip prosthesis. A, Blood pool scan shows increased activity around the left total hip prosthesis (arrows). B, The 3-hour image shows diffuse increased uptake around the femoral and acetabular components, consistent with infection.








Joint aspiration has been shown to be a cost-effective and accurate method of detecting infected prostheses. Wide variations in sensitivity and specificity have been reported in different centers; however, these findings are most likely due to differences in technique and interpretation.


Combined 99mTc phosphate bone scanning and 67Ga citrate scanning has been used for diagnosing prosthetic infection. Normal scans are accurate in ruling out infection. The patterns of spatial mismatch of bone and gallium scans and the higher uptake of gallium compared with that of bone scan are specific for infection but are not sensitive. Radiolabeled leukocyte scans have a high sensitivity for the diagnosis of infected prostheses. Specificity is increased by comparison with bone scans, to determine mismatch, or with bone marrow scans, which increases the specificity even more.


Radionuclide arthrography (i.e., arthroscintigraphy) has been used to determine loosening of hip and knee prostheses. Radionuclide arthrography is done by injecting radiolabeled colloid into the joint at the time of a joint aspiration and radiographic contrast arthrogram. A scan is obtained about 2 hours later to determine leakage of the radionuclide into the prosthetic interface, which would indicate loosening. Radionuclide arthrography performs better than radiographic contrast arthrography for the detection of femoral component loosening in patients with hip prostheses, but it does not adequately evaluate the acetabular component.















ARTHRITIS AND PAIN AROUND JOINTS



Arthritis





Synovitis is demonstrated by abnormalities in the early phases of a 99mTc MDP bone scan that indicate diffuse increased blood flow around a joint. In cases of arthritis, uptake on the delayed (3-hour) scans is related to increased blood flow to the juxta-articular bone that results from synovitis. Uptake is also related to bony changes associated with arthritis, including erosions, sclerosis, osteo-phytes, and subchondral cysts. A number of new scanning agents that target inflammation are being used for the evaluation of arthritis. One approach is the use of radio-labeled monoclonal antibodies to antigens within the arthritic joint.


In patients with polyarthralgia, a normal bone scan excludes inflammatory joint disease, whereas an abnormal bone scan suggests that inflammatory disease is present, which may affect treatment. The appearance of inflammatory arthritis on a bone scan includes abnormal early and late phases of the examination (Fig. 7-25). Any monarticular process must be considered septic arthritis until proved otherwise. Polyarthritis with involvement of the hands and feet is consistent with rheumatoid arthritis (Fig. 7-26). Uptake at sites of tendon insertion in the feet suggests psoriatic arthritis or Reiter’s syndrome. Osteoarthritis tends to have focal uptake in a joint rather than diffuse uptake. These patterns on the bone scan underscore the well-known morphologic findings of various articular disorders, but differences in severity of involvement may be shown on bone scans versus radiographs.
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Figure 7-25 Gouty arthritis of the first toe. The patient presented with pain and swelling of the first toe but had normal radiographs. The scan was ordered to rule out infection. Blood flow (A) and blood pool (B) scans show increased activity in the left first toe. A 3-hour plantar bone scan (C) shows increased uptake around the left first interphalangeal joint. The scintigraphic findings are consistent with inflammation and arthritis of the joint, which could be infectious or noninfectious. On aspiration of the interphalangeal joint, urate crystals were obtained, indicating gout.
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Figure 7-26 Rheumatoid arthritis of the hands and wrists. Increased uptake is noted in the radiocarpal, metacarpopha-langeal, and proximal interphalangeal joints in a pattern consistent with rheumatoid arthritis.














Other Causes of Pain around Joints


Occult malignancy, even in patients with no history of cancer, may be a cause of pain around joints. The yield for identification of occult malignancy on bone scans in patients aged 50 years or older is 9%. In patients with a history of cancer, metastatic disease should be ruled out as a cause of periarticular pain through the use of a bone scan, before the patient undergoes an extensive workup.


Bone scans are often ordered to evaluate foot pain, because the cause of pain may not be clear clinically or on radiographic examination. Common abnormalities that cause foot pain include plantar fasciitis, stress fractures, degenerative and inflammatory arthritis, sesamoid abnormalities, osteoid osteoma, and tendinosis and tenosynovitis. Coregistration of the abnormalities delineated on the bone scan with those found on radiographs has been suggested when it is difficult to localize the site of radionuclide uptake anatomically, as may occur in the tarsal bones. Plantar fasciitis may cause a focal area of increased uptake on the plantar aspect of the calcaneus at the medial calcaneal tubercle, due to periostitis at the site of insertion of the plantar fascia (Fig. 7-27). Heel “spurs” due to enthesopathic changes at the insertion of the short flexor tendons may also cause increased uptake in the plantar aspect of the calcaneus and are not necessarily symptomatic.
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Figure 7-27 Plantar fasciitis. The blood pool (A) and delayed (B) images of a bone scan show focally increased activity in the plantar aspect of the right calcaneus.








Focal increased uptake in the patella on a bone scan may be present in some cases of chondromalacia patellae (Fig. 7-28). Focal uptake in the patella is not specific for chondromalacia and could be due to arthritis or osteo-chondral injury.
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Figure 7-28 Chondromalacia patellae. A, Bone scan shows a focal area of increased uptake in the medial aspect of the left patellofemoral joint (arrows). B, Intermediate-weighted spin echo MR image shows abnormal signal and erosion in the medial aspect of the patellar cartilage (arrows).








Bone scans show abnormalities in both secondary and primary hypertrophic osteoarthropathy. The typical scintigraphic pattern is circumferential uptake around the bones of the wrists, knees, and ankles (Fig. 7-29). After treatment, improvement can be seen in the scan’s appearance. Clinical improvement precedes improvement seen scintigraphically, which precedes radiographic signs of improvement.
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Figure 7-29 Secondary hypertrophic osteoarthropathy. The patient had a bone scan because of joint pain. There is increased uptake along the borders of the bones near the knee, ankle, and wrist joints. The diagnosis of hypertrophic osteoarthropathy was made based on the appearance of the bone scan. A chest radiograph showed a mass that was a bronchogenic carcinoma.


























OSTEONECROSIS


The scintigraphic appearance of osteonecrosis depends on the cause and stage of the disease, as well as on the scintigraphic equipment and technique used. Osteonecrosis can be divided into septic and aseptic and traumatic and nontraumatic types.


Nontraumatic osteonecrosis is usually associated with one or more risk factors. The most frequent risk factors are use of corticosteroids and increased alcohol intake. Others include sickle cell anemia and dysbarism. Bone scanning has been shown to be more sensitive than radiography for the detection of osteonecrosis. The characteristic scintigraphic appearance of nontraumatic osteonecrosis in the femoral head is the coldin-hot lesion (Fig. 7-30). This is a photopenic area caused by the necrotic bone, surrounded by a rim of increased uptake caused by the apposition of viable bone on the periphery of the dead bone, which occurs during the revascularization and healing phases of the process. The scintigraphic appearance may change as the stages of osteonecrosis progress to bone collapse and secondary osteoarthritis. New areas of increased uptake result from femoral head fragmentation and collapse. With secondary osteoarthritis, increased uptake is present on both sides of the joint. If bone collapse and secondary osteoarthritis do not occur, the bone scan may become normal; however, this is not commonly seen. Small areas of osteonecrosis may not be detected on scintigraphy. MR imaging is more sensitive than scintigraphy in detecting osteonecrosis.
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Figure 7-30 Osteonecrosis of the femoral head. A, A rim of high uptake surrounding an area of lower uptake in the left femoral head (arrow) demonstrates the typical “donut” pattern of osteonecrosis. B, Scan from a different patient shows increased uptake in the right femoral head with only a small area of decreased uptake.








In traumatic osteonecrosis, which may result from femoral neck fracture, hip dislocation, or scaphoid or talar fracture, there is disruption of the blood supply at the time of injury. This can often be identified on three-phase bone scanning as absent uptake during the vascular and delayed phases of the examination. With regard to traumatic osteonecrosis of the femoral head, bone scans can show avascularity at the time of presentation (Fig. 7-31). Evidence of post-traumatic avascular necrosis of the femoral head has been detected by MR imaging 1 month after femoral neck fracture, but not at the time of the fracture. Dynamic MR imaging with a gadolinium-based contrast material may show evidence of avascularity shortly after fracture.
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Figure 7-31 Post-traumatic osteonecrosis of the femoral head. Bone scan shows a band of increased uptake in the right femoral neck due to a recent subcapital fracture. Decreased uptake in the entire right femoral head indicates avascularity.








Spontaneous (idiopathic) osteonecrosis about the knee usually involves the weight-bearing aspect of the medial femoral condyle. The scintigraphic findings reflect increased vascularity on the earlyphase images and a focal area of markedly increased uptake in the femoral condyle on delayed images. Photopenic areas are not seen in spon-taneous osteonecrosis, unlike in other causes of osteo-necrosis. Radiographs may be normal initially and show the characteristic focal bony lesion later, or they may never become abnormal. There is evidence that spontaneous osteonecrosis about the knee may be the result of an initial subchondral insufficiency or impaction fracture.


A bone infarct is an area of osteonecrosis in the meta-physis or diaphysis, as opposed to the epiphysis, of a long bone. Bone scans may show decreased uptake; mild, diffuse increased uptake; or normal findings. The pattern may change over the course of the process, with initially decreased uptake, followed by increased uptake, and then normal uptake.














PEDIATRIC CONDITIONS


The region of the normal growth plate shows high uptake on bone scans in children. The uptake actually corresponds to the zone of provisional calcification in the metaphyseal region of the bone rather than to the cartilage of the growth plate. In infants, this area of high uptake may appear globular, but with increasing age it becomes more linear. Blurring of this region of radionu-clide uptake may signify an abnormality adjacent to the growth plate. With maturity of the skeleton and closure of the growth plate, the activity on the bone scan gradually diminishes; however, increased uptake may remain for some time after the growth plate has closed.


Legg-Calvé-Perthes disease (LCP) represents idiopathic avascular necrosis of the femoral head in a child. Bone scanning is highly sensitive for the diagnosis of early LCP. The characteristic scintigraphic appearance of early LCP is absent uptake in the entire femoral head. This can best be seen on pinhole views. Revascularization of the femoral head can also be evaluated on bone scan. Uptake in the ossification center correlates with more rapid healing than does uptake in the region of the growth plate or metaphysis (Fig. 7-32). Meyer’s dysplasia is characterized by normal uptake in the femoral heads on bone scans, which differentiates this disorder from LCP.
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Figure 7-32 Legg-Calvé-Perthes disease. A, Bone scan shows decreased uptake in virtually the entire right femoral head. There is slight uptake in the lateral column (arrowhead). On the left, there is increased uptake in the metaphysis of the proximal femur (arrow) and decreased uptake in the femoral head, with no lateral column uptake. B, Radiograph of the pelvis shows a normal contour of the right femoral head. There is collapse of the left femoral head.








Transient synovitis of the hip, also called toxic synovitis or irritable hip syndrome, has a variable scintigraphic appearance. Bone scans may be normal in hips of patients with synovitis, or they may show diffuse increased uptake. Diffuse increased uptake and hyperemia may also be present in septic arthritis of the hip, and joint aspiration may be needed to rule out infection. Septic arthritis may also cause absent or decreased uptake in the femoral head because of high pressure from the fluid in the joint.


Concomitant osteomyelitis of the femoral neck carries a worse prognosis for hip involvement than does infection confined to the hip joint alone. Metaphyseal osteo-myelitis without joint infection may cause avascularity of the femoral head, as shown by bone scanning (Fig. 7-33). Bone scanning is usually not necessary for the diagnosis of slipped femoral capital epiphysis; however, scintigraphic findings may include increased uptake in the region of the physis and metaphysis. Less commonly, decreased uptake may be seen in the femoral head at the time of presentation.
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Figure 7-33 Osteomyelitis of the proximal femur and septic necrosis of the femoral head. Bone scan shows increased uptake in the femoral neck (arrow) and decreased uptake in the femoral head (arrowhead), indicating avascularity.








Bone scanning is especially helpful in a young child with a limp or vague pain, in whom the site of abnormality cannot easily be determined. Occult fractures may be present in the tibia (toddler’s fracture), calcaneus, or cuboid. Bone scanning is more sensitive than radiography in detecting fractures in cases of child abuse. Rib fractures in an infant, which may be detected in this fashion, should be an alert for possible child abuse. Bone scanning and radiography are complementary studies for detecting findings of child abuse.














SOFT TISSUE UPTAKE


There are numerous conditions in which soft tissue or visceral uptake is found on bone scans. In some cases, these findings have no clinical significance; in others, they may indicate a significant pathologic condition. Calcific tendinitis may show focal increased uptake, suggesting the source of pain around a joint (Fig. 7-34). This should be confirmed with radiographs, CT scans, or ultrasonograms. This has been seen in the thigh at tendon insertions on the linea aspera in cases of calcific tendinitis of the gluteus maximus or vastus lateralis muscles, and in the proximal portion of the humerus from calcification in the pectoralis major muscle.
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Figure 7-34 Calcific tendinitis of the thigh. A bone scan was done because of pain in the left proximal thigh. The posterior bone scan (A) shows a focal area of increased uptake overlying the proximal femur (arrow). A CT scan (B) shows calcification in the soft tissues of the thigh in the vastus lateralis or gluteus maximus tendon (arrow).








Bone scanning has been used for the early diagnosis of heterotopic ossification and for help in determining when surgical resection should be done. The earliest scintigraphic finding is increased activity in the blood flow and blood pool phases, which antedates radiographic changes. This pattern is followed in 2 to 4 weeks by increased uptake on delayed static images and radiographic findings of soft tissue ossification. Sites of heterotopic ossification are considered to be quiescent and amenable to resection without high risk of recurrence when there is normal uptake on a bone scan. However, increased uptake may be present for years. Serial bone scans are needed to determine the maturity of heterotopic ossification.















RADIONUCLIDES FOR THERAPY



Radiation Synovectomy





Radiation synovectomy is a nonsurgical method of treating chronic synovitis whose results are comparable to those of open and arthroscopic synovectomy. It is used in the treatment of hemophilia, rheumatoid arthritis and other inflammatory arthritides, and pigmented villonodu-lar synovitis. Beta radiation–producing radionuclides are injected into a joint to destroy the synovial lining, which causes the inflammation to decrease, or, in hemophilia, to decrease the bleeding into the joint. The radionuclides used for synovectomy are listed in Table 7-1.




TABLE 7-1


Radionuclides Used for Synovectomy










	Radionuclide

	Half-life (days)

	Range (mm)










	
32P

	14.0

	7.9






	
165Dy

	0.1

	5.7






	
90Y

	2.7

	11.1






	
198Au

	2.7

	3.8






	
186Re

	3.7

	4.5






	
153Sm

	1.9

	0.8
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These radionuclides have a soft tissue penetrance of less than 1 cm, which leads to effective radiation of the synovium but not of the rest of the body. Harm to the articular cartilage or an increased frequency of malignancy has not been shown. In hemophilia, fibrosis of the synovium by radiation synovectomy decreases the likelihood of hemarthrosis and the destruction of articular cartilage caused by the chronic synovitis induced by blood in the joint. Radiation synovectomy is much less expensive than open surgical or arthroscopic synovectomy. Radiation synovectomy works best in large joints without marked radiographic changes of cartilage destruction.








Treatment of Pain from Bone Metastases


Intravenous injection of bone-seeking radionuclides that produce beta radiation has been used for palliation of metastatic disease to bone. This treatment can be used only for lesions that show increased uptake on bone scan. The exact mechanism by which such treatment reduces pain is uncertain. The treatment is palliative and is not curative, and it is used in conjunction with other therapies in patients with metastatic disease. Pain reduction occurs within several days to weeks and may last for as long as 6 months; however, such pain relief is often short term, and a flare response, with increased pain, may occur shortly after treatment. The treatment is not useful for relieving pain from pathologic fracture or nerve or spinal cord involvement. The radioisotopes that have been approved for this purpose by the U.S. Food and Drug Administration are phosphorus-32, strontium-89, and samarium-153.
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CHAPTER 8


Magnetic Resonance Imaging: Practical Considerations


David A. Rubin




SUMMARY OF KEY FEATURES


In its relatively short existence, magnetic resonance (MR) imaging has emerged as the most powerful imaging technique for the noninvasive diagnosis of a host of traumatic, degenerative, rheumatologic, infectious, and neoplastic conditions in the musculoskeletal system. The gross and histologic anatomy of different tissues predicts their MR imaging appearances in both healthy and diseased states. An understanding of the available pulse sequences and imaging options enhances a radiologist’s ability to distinguish normal from abnormal tissues. The true utility of MR imaging, however, stems from its depiction of fine anatomic detail. An appreciation of these findings, in turn, helps guide the clinical management of musculoskeletal conditions.
















INTRODUCTION


In the past decade, MR imaging has been widely applied clinically and has become the study of choice for the diagnosis of many bone, joint, and soft tissue disorders. The modality provides the radiologist with an unparalleled, noninvasive look at the detailed anatomy and subtle pathology in the living body, without the use of ionizing radiation. MR imaging can also be cost-effective for applications ranging from diagnosing radiographically occult hip fractures to reducing the number of unnecessary diagnostic knee arthroscopies, staging musculo-skeletal infections, and guiding biopsies in patients with inflammatory myopathies. Its superior accuracy in comparison to clinical evaluation has also made MR imaging the optimal technique for the diagnosis of conditions as diverse as meniscal tears in the knee and disc disease in the spine.














TECHNICAL CONSIDERATIONS


The use of MR imaging for the pathologic diagnosis of musculoskeletal conditions relies on signal intensity and morphologic changes in the tissues being studied. Detecting subtle alterations in these features requires both high contrast resolution (different signal intensities in normal and abnormal structures) and high spatial resolution. To meet these goals, the signal-to-noise ratio (SNR) of the images must be as high as possible. The best way to increase the SNR in musculoskeletal MR imaging is by using local coils. Ideally, the coil surrounds the entire limb, which is possible for the knee, ankle, wrist, and elbow, but not for the hip or shoulder.


Imaging artifacts arise from many sources, including imperfections in the instrumentation and magnetic fields, inherent properties of the mathematics used to reconstruct the images, and tissue interfaces and foreign bodies. The most readily preventable source of artifacts, however, is involuntary patient motion. Carefully positioning the patient to ensure comfort prevents motion artifacts better than forcibly restraining the examined body part.














BONE MARROW


MR imaging is the most sensitive, noninvasive test for identifying pathologic states within marrow, whether they be infectious, ischemic, traumatic, or neoplastic.








Normal Appearance and Technique


Hematopoietic or red marrow consists of approximately 40% fat, 40% water, and 20% protein, whereas fatty or yellow marrow is composed of approximately 80% fat, 15% water, and 5% protein. MR pulse sequences can exploit these differences. Because yellow marrow contains a higher percentage of fat than red marrow does, yellow marrow has a shorter T1 and appears brighter on T1-weighted images. Normally, yellow marrow is isointense with subcutaneous fat on T1-weighted images, whereas the signal intensity of normal red marrow falls between that of subcutaneous fat and skeletal muscle (Fig. 8-1A). On T2-weighted images, both yellow marrow and red marrow have similar signal intensities and appear hyper-intense in comparison to muscle, but less intense than water. Yellow and red marrow (of which fat is still a major constituent) both appear darker when fat suppression is applied (see Fig. 8-1B). T2-weighted sequences performed with spectral fat suppression are sensitive to small increases in water content and thus easily detect processes that replace normal marrow. Short tau inversion recovery (STIR) sequences, which null the signal from fat based on its T1 value, are even more sensitive to subtle changes in marrow composition. Gradient recalled sequences are less useful for examining marrow.
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Figure 8-1 Normal adult bone marrow. A, Transaxial T1-weighted (TR/TE, 600/8) spin echo MR image of the pelvis. Yellow marrow within the femoral heads (F) is isointense to subcutaneous fat. Red marrow within the acetabula (A) has signal intensity between that of muscle and fat. B, Transaxial fat-suppressed T2-weighted (TR/TEeff, 4000/60) fast spin echo MR image. The signal intensity of both yellow and red marrow decreases. A small effusion is seen in the left hip (arrow).








In the neonate, most of the body’s marrow is hematopoietic (Fig. 8-2). As the child grows and develops, red marrow in the appendicular skeleton is converted to fatty marrow in an orderly progression, from distal to proximal. The conversion begins relatively early in infancy. In children, marrow contains a mixture of fat cells and hematopoietic cells and thus exhibits heterogeneous, patchy signal intensity on T1-weighted images. Beyond adolescence, only portions of the axial skeleton and the proximal ends of the femora and humeri contain significant amounts of red marrow. Even in these regions, though, steady replacement of the hematopoietic elements by fat occurs throughout adulthood.
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Figure 8-2 Normal neonatal bone marrow in an 8-week-old boy. Coronal T1-weighted (TR/TE, 400/12) spin echo MR image. No fatty marrow is present in the proximal metaphysis of the femora (F). The femoral heads (H) are entirely cartilaginous. (Courtesy of W. Totty, MD, St. Louis, Mo.)




















Changes in Marrow Composition


The amount of adipose tissue in marrow has an inverse relationship to the degree of ongoing red blood cell production. In times of stress, fatty marrow may be reconverted into hematopoietic marrow. This reconversion follows a progression opposite that of the normal yellow-to-red marrow conversion, in that it occurs in a proximal-to-distal direction. Physiologic reconversion may occur in patients who are heavy cigarette smokers, obese, or chronically anemic or in those who live at high altitudes.


Differentiating physiologic red marrow expansion from pathologic marrow replacement is important. Expanded red marrow should have higher signal intensity than muscle on T1-weighted images and should never be as bright as fluid on fat-suppressed T2-weighted images (Fig. 8-3). Islands of red marrow have a lobulated contour. Under physiologic conditions, red marrow expansion should not extend distal to the wrists or ankles and should not cross the physes into the epiphyses or apophyses of the long bones. (One exception is the subchondral region of the humeral head, which may be a site of physiologic red marrow expansion, especially in young and middle-aged women.)
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Figure 8-3 Physiologic red marrow hyperplasia in a healthy 47-year-old woman. A, Coronal T1-weighted (TR/TE, 450/12) spin echo MR image. Hematopoietic marrow (M) in the distal part of the femur is hyperintense in comparison to muscle. Note that the red marrow occurs in confluent islands interspersed with yellow marrow and does not cross into the epiphysis. B, Coronal fat-suppressed T2-weighted (TR/TEeff, 3200/54) fast spin echo MR image. The red marrow (M) is hypointense in comparison to joint fluid (arrow).








In patients with severe, chronic anemia such as that associated with sickle cell disease, marrow hyperplasia can be extensive. On MR images, the expanded red marrow still has the signal characteristics of normal hematopoietic marrow. Just as expansion of red marrow reflects an increase in hematopoiesis, disorders that deplete the marrow myeloid elements result in an increase in fatty marrow content. Conversion of red marrow to yellow marrow is seen in patients with untreated aplastic anemia and in patients undergoing some chemotherapy regimens. The edge of radiation ports produces a characteristic, sharply defined margin between normal and treated marrow (Fig. 8-4). Fibrotic marrow (occurring in idiopathic myelofibrosis or in the late, burned-out stage of myeloproliferative disorders such as polycythemia vera) demonstrates low signal intensity on all pulse sequences.
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Figure 8-4 Effect of radiation therapy. Coronal T1-weighted (TR/TE, 572/12) spin echo MR image. After treatment for Ewing’s sarcoma, fatty replacement of the marrow (F) has developed in the right side of the sacrum and pelvis. Observe the characteristic sharp demarcation (arrows) between normal and fatty marrow, which corresponds to the boundary of the radiation port.




















Hyperemia, Ischemia, and Infarction


Marrow hypervascularity is thought to cause an increase in water content. A pattern of marrow “edema” emerges, with decreased signal intensity seen on T1-weighted images and increased signal intensity noted on fat-suppressed T2-weighted or STIR images. It is likely that the self-limited, painful conditions of reflex sympathetic dystrophy, transient osteoporosis of the hip, regional migratory osteoporosis, and painful tibial edema syndrome are due to changes in intramedullary pressure, blood flow, or both.


Marrow ischemia may also cause signal intensity changes. If the damage is irreversible, infarction ensues. However, transient ischemia can also occur, with the marrow returning to normal after a period of weeks or months. Marrow infarction in subchondral bone is called avascular necrosis (see Chapter 67).














Trauma


Bone marrow can be injured either by a single blunt force or by repetitive, cumulative insults. A direct blow to a bone may produce a marrow contusion, or bone “bruise.” These radiographically occult injuries probably reflect microfractures of the trabeculae, with resultant marrow edema and hemorrhage. Common examples include bruises in the lateral knee compartment experienced after a tear of the anterior cruciate ligament (ACL) and bruises in the anterolateral femoral condyle and medial patella suffered after a patellar dislocation-relocation injury (Fig. 8-5).
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Figure 8-5 Bone bruise from patellar dislocation-relocation injury. Transverse fat-suppressed intermediate-weighted (TR/TEeff, 3500/12) fast spin echo MR image. A high-signal-intensity contusion (arrow) is apparent in the lateral femoral condyle. Also note the torn medial patellofemoral ligament (arrowheads).








On MR images, bone contusions appear as geographic or reticulated areas of low signal intensity within the fatty marrow on T1-weighted images. The lesions have high signal intensity on fat-suppressed, T2-weighted or STIR images. These findings typically resolve over a period of 6 weeks to 4 months. In addition to bone bruises (which are essentially microfractures), nondisplaced macroscopic fractures can be radiographically occult. MR imaging is exquisitely sensitive to these injuries—more so than bone scintigraphy—and it has the added benefit of directly demonstrating the number, completeness, and position of the fracture plane or planes. Fracture lines appear as linear areas of very low signal intensity in the marrow (Fig. 8-6), typically within an area of more generalized edema. Both T1-weighted images and STIR or fat-suppressed T2-weighted images can demonstrate fractures.
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Figure 8-6 Occult proximal femoral fracture. Coronal T1-weighted (TR/TE, 500/12) spin echo MR image. Nondisplaced, low-signal-intensity fracture lines (arrowheads) are visible in the left intertrochanteric region of the femur and greater trochanter. The fractures were not visible radiographically. An intramedullary rod, placed retrograde to treat a previous distal femoral fracture, produces signal loss in the midfemoral shaft (arrow).








Marrow changes also occur in patients with chronic repetitive trauma. Stress fractures, both the fatigue type and the insufficiency type, demonstrate a pattern of marrow edema surrounding a fracture line. Stress fracture lines are usually linear and have low signal intensity on all pulse sequences. A spectrum of stress injuries exists. One extreme is a stress fracture that has become a complete, displaced fracture. At the other extreme are ill-defined regions of marrow edema without visible fracture lines, which represent radiographically occult “stress responses” or “stress reactions.”














Marrow Replacement


Alterations in marrow MR signal intensity are sensitive indicators of osteomyelitis, but they are not specific. Active osteomyelitis produces decreased signal intensity on T1-weighted images and increased signal intensity on T2-weighted or STIR images. However, these signal characteristics also occur in traumatic, ischemic, and neoplastic conditions. In some cases, the signal intensity changes may simply represent marrow hyperemia and edema in response to an adjacent soft tissue infection or septic arthritis. Conversely, the lack of marrow signal changes has a very high negative predictive value. Cortical destruction, a sinus tract, or an adjacent abscess or ulcer increases the likelihood that signal changes within the bone marrow represent active infection. The use of intra-venous contrast in cases of bone and soft tissue infection can help stage the process and direct treatment. Within the infected bone, identifying a nonenhancing, nonviable region (whether an intraosseous abscess in an acute case or a sequestrum in a chronic one) may direct treatment toward early surgical débridement in addition to antibiotic administration. Similarly, mapping out deep soft tissue abscesses for drainage results in faster and more cost-effective treatment of the infection.


For primary bone tumors, radiographs are more useful than MR images for lesion characterization. Frequently, MR imaging cannot distinguish benign from malignant causes of marrow replacement. Complex, dynamic gadolinium-enhanced MR techniques have been described to assess very early enhancement (which favors malignant over benign lesions), but overlap between the enhancement features of various processes means that the pattern of enhancement cannot obviate biopsy.


Two other uses of MR imaging for primary bone tumors are local staging and assessing response to chemotherapy. For staging, MR imaging accurately demonstrates intra-osseous tumor extent, soft tissue involvement, and prox-imity to neurovascular bundles, all of which affect surgical management. Early investigators suggested that MR imaging could stage primary tumors more accurately than was possible with computed tomography (CT), but a recent multi-institutional study found that the two modalities are comparable for local staging. For gauging response to neoadjuvant chemotherapy in osteosarcoma and Ewing’s tumor, standard MR examination is not useful. However, assessment of dynamic enhancement patterns may accurately predict tumor response to neoadjuvant chemotherapy.


MR imaging is more sensitive than radiography and more specific than bone scintigraphy for the detection of osseous metastatic disease (Fig. 8-7). Additionally, MR imaging may be more sensitive than bone scintigraphy in a defined anatomic location or in cases of diffuse metastatic marrow replacement in children. Scintigraphy is a better screening test for metastases. MR imaging has also been used to evaluate the bone marrow of patients with multiple myeloma, lymphoma, and leukemia (see Chapters 49 and 51).
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Figure 8-7 Metastatic lesion from renal cell carcinoma. A, Anteroposterior femur radiograph. Slight endosteal scalloping (arrowheads) is the only clue to an underlying lytic lesion. B, Coronal fat-suppressed T2-weighted (TR/TEeff, 5000/90) fast spin echo MR image. The high-signal-intensity metastasis is easily seen. The size of the lesion and involvement of the medial femoral cortex (arrows) place the bone at risk for pathologic fracture.


























CORTICAL BONE, PERIOSTEUM, AND ARTICULAR CARTILAGE


Modalities such as radiography and CT, which differentiate tissues on the basis of attenuation differences, are ideal for the imaging of cortical bone. Although periosteal new bone formation is also visible radiographically, earlier stages of periosteal reaction (before mineralization is apparent) may be seen with MR imaging. MR imaging is emerging as the dominant noninvasive modality to assess articular cartilage disorders, whether they result from traumatic, inflammatory, or degenerative causes.








Normal Appearance and Technique


Cortical (compact) bone has few mobile protons, which results in low signal intensity on all pulse sequences. At bone–soft tissue interfaces, cortical bone appears artifactually thicker when using techniques such as gradient recalled sequences. In the cervical spine, “blooming” of bone size can cause overestimation of the amount of foraminal stenosis. Using the shortest possible TE and higher matrix sizes minimizes the effect. Chemical shift misregistration affects the apparent cortical thickness in the frequency-encoding direction, and the cortex appears artifactually thickened on one side and thinner on the opposite side. This artifact can be reduced by swapping the phase and frequency encoding, decreasing the field of view, or increasing the sampling bandwidth. The use of fat suppression eliminates chemical shift artifacts without necessitating an increase in bandwidth (which decreases the SNR). The periosteum is a thin, fibrous membrane closely apposed to the nonarticular surfaces of bones. Normally, it is not visible on MR images.


The imaging characteristics of normal cartilage reflect its chemical composition and three-dimensional histologic organization. Currently, there is no consensus on the single best articular cartilage sequence. In high-resolution clinical images, a trilaminar appearance may be seen, with the central layer being darker than the superficial and deep ones. However, in these cases, the layering is mostly due to truncation, magic angle, and chemical shift artifacts and not to the underlying ultrastructural composition of the cartilage. On T1- and proton density-weighted spin echo images, articular cartilage has intermediate signal intensity, between that of muscle and fat. On T2-weighted images, cartilage has low signal intensity, which contrasts with the high signal intensity of joint fluid. Within cartilage, the T2 progressively increases when moving from the deep to the superficial layers. T2 changes reflect variations in water concentration, under the influence of the surrounding collagen fiber matrix, and, to a lesser extent, variations in proteoglycan concentration. On gradient recalled MR images, articular cartilage has intermediate signal intensity, which becomes progressively darker close to the subchondral plate. When fat suppression is added to a T1-weighted sequence, the cartilage appears bright when compared with the intermediate signal intensity of joint fluid, the dark subchondral plate, and the suppressed marrow fat.














Traumatic Disorders


MR imaging can also play a role in fractures that are visible radiographically. For example, in tibial plateau fractures, the treating physician often needs to visualize the number and orientation of fracture lines, the size and position of articular fragments, and the status of the articular surface in multiple planes. Although this task can be accomplished equally well with reformatted CT examination, MR imaging has the advantage of also showing associated soft tissue injuries such as meniscal tears and ligament injuries (Fig. 8-8), which have a direct impact on patient management.
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Figure 8-8 Tibial plateau fracture. Coronal T1-weighted (TR/TE, 500/17) spin echo MR image. In addition to showing the number and orientation of the fracture lines (arrowheads) and the position of the fragments, the image reveals a horizontal tear of the lateral meniscus (arrow).








A visible fracture line, periosteal new bone formation, or both, distinguish a stress fracture from other stress injuries. The fracture line may be seen in the cancellous bone or in the cortex on MR images. Within the cortex, fracture lines are hyperintense on T2-weighted images when compared with the low signal intensity of compact bone. Periosteal reaction can be visualized earlier with MR imaging than with radiography. With stress fractures, a focus of subperiosteal hemorrhage or ill-defined high signal intensity may surround the bone and represents the elevated periosteum, before any mineralization is visible radiographically. Lesser degrees of stress injury, such as shin splints in the tibia, can also demonstrate periosteal high signal intensity on T2-weighted images. MR imaging is also ideal for the evaluation of osteochondral fractures, osteochondritis dissecans, and cartilage defects.














Degenerative Lesions


Idiopathic chondromalacia begins with softening in the deepest layers of cartilage; eventually, fissuring develops and extends upward to the articular surface. Superficial degeneration starts as fibrillation and fragmentation of the superficial cartilage and extends progressively deeper. Although chondromalacia and superficial degeneration differ in their initial stages, once the articular surface is involved, they appear similar both grossly and on MR images.


MR imaging reliably shows degenerative chondrosis only when macroscopic fissuring, fibrillation, and ulceration reach the articular surface. Focal defects appear in the usually smooth articular surface (Fig. 8-9). Unlike traumatic lesions, degenerative defects do not have a sharp demarcation from the adjacent unaffected cartilage. As long as adequate contrast is present between the joint fluid (or injected contrast) and the cartilage surface, the ability to detect degenerative lesions depends on the spatial resolution of the study. In clinical studies, the sensitivity for showing chondral degeneration is best for lesions that involve at least half the depth of the cartilage. Preliminary data suggest that MR arthrography using a dilute gadolinium solution may perform better than conventional MR imaging for some stages of cartilage degeneration.
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Figure 8-9 Degenerative chondrosis. Transaxial T2-weighted (TR/TEeff, 4066/138) fast spin echo MR image. Two shallow, superficial ulcers (arrowheads) are evident along the medial patellar articular surface. This high-resolution MR image was obtained with a 10-cm field of view and 256 × 256 imaging matrix. F, femur; P, patella.




















Inflammatory Lesions


In inflammatory arthritides such as rheumatoid arthritis, MR imaging is able to show more erosions than can be seen on standard radiographs. Erosions appear as defects in the subchondral plate and overlying articular cartilage and contain high-signal-intensity pannus or joint fluid on T2-weighted images. Because it can also quantify synovial inflammation, MR imaging with intravenous contrast (Fig. 8-10) is an evolving tool for the early diagnosis and long-term prognostication of patients with inflammatory arthritis.
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Figure 8-10 Rheumatoid arthritis. Coronal fat-suppressed T1-weighted (TR/TE, 800/14) spin echo MR image of the pelvis after the intravenous administration of contrast. Enhancing pannus is eroding the lateral aspect of the femoral head (arrow).




















Neoplasms


MR imaging can show tumors that involve the surface of bone, whether they arise from the cortex, periosteum, or articular cartilage. MR imaging is invaluable for determining the presence and amount of intramedullary extension of surface tumors, as well as the presence and size of associated soft tissue masses. Both of these characteristics affect prognosis and treatment. MR imaging is probably the best study to evaluate symptomatic osteochondromas. MR images can directly demonstrate complications such as stalk fractures and the development of overlying bursae and can show the thickness of the cartilaginous cap.




















SYNOVIAL-LINED STRUCTURES


A synovial membrane lines the diarthrodial (movable) joints in the body, as well as bursae and tendon sheaths. This specialized vascular tissue produces synovial fluid, which has lubricating, nourishing, and shock-absorbing properties.








Normal Appearance and Technique


The inner lining of the joint capsule is a thin, smooth, delicate synovial membrane. Joints may also have normal extensions (recesses) that are similarly lined. A typical example is a popliteal cyst in the knee, which represents a distended semimembranosus-gastrocnemius recess (Fig. 8-11). A bursa is a synovial-lined space that arises embryologically separate from a joint, typically to provide cushioning between a bony protuberance and the overlying soft tissues. Tendons whose courses change direction around an osseous structure (such as the malleoli in the ankles) or under a retinaculum or pulley (such as the finger flexor tendons) are surrounded by a synovial sheath to ensure low-friction gliding. For tendons that run from the inside of a joint outward (such as the long head of the biceps brachii in the shoulder), the tendon sheath is actually an outpouching of the joint.
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Figure 8-11 Baker’s cyst. Transverse T2-weighted (TR/TE, 2500/80) spin echo MR image of the knee. Fluid distends the semimembranosus-gastrocnemius recess (B). The neck of the popliteal cyst is located between the tendons of the medial gastrocnemius (curved arrow) and semimembranosus (straight arrow) tendons.








The normal synovial membrane is usually too thin to visualize on routine MR images. However, together with the more robust fibrous joint capsule, the synovial membrane may occasionally be seen as a thin, low-signal-intensity structure. A nondiseased synovial membrane either does not enhance after the administration of intra-venous contrast or enhances only faintly. Normal joints, recesses, bursae, and tendon sheaths also typically contain a small amount of synovial fluid.














Joint Effusions


An effusion exists when a synovial-lined structure contains more than a physiologic amount of fluid. Nevertheless, the question “how much fluid is normal?” is a difficult one to answer. Although quantitative guidelines for some joints have been published, few radiologists use measurements to determine the presence of an effusion. Most effusions are the result of traumatic, degenerative, or inflammatory conditions. Tendon sheaths normally contain only a trace amount of fluid; however, tendon sheaths that communicate with a joint will be distended passively if an effusion is present in the joint. Bursae, too, normally contain only a trace amount of fluid and thus may not be visible.


When an effusion represents simply increased production of synovial fluid, its signal characteristics will be those of normal joint fluid. However, if synovial fluid contains proteinaceous debris or blood products, its signal intensity will differ. Recent hemorrhage may result in a layering effect, with supernatant fluid floating on top of cellular debris. If a hemarthrosis is due to an intra-articular fracture, a third layer representing fat (lipohemarthrosis) may be seen, with the signal characteristics of adipose tissue. Effusions that represent the subacute phase of a hemar-throsis after cell lysis or exudates from infection or inflammation typically have higher signal intensity than water on T1-weighted images, but they usually remain isoin-tense to fluid on T2-weighted images. Repetitive bleeding into a joint, as might occur with hemophilia or juvenile arthritis, can result in intra-articular hemosiderin deposition. Hemosiderin-laden tissues appear low in signal intensity on all pulse sequences and may demonstrate “blooming”—an apparent increase in size because of the local susceptibility effects of paramagnetic substances—on gradient recalled images.














Synovial Inflammation


Synovitis is caused by infection, trauma, seropositive or seronegative arthritis, or miscellaneous conditions such as hemophilia. The inflamed synovial membrane (called pannus in inflammatory arthritides) is thicker than normal. It may be nodular or masslike and, especially in chronic cases, may shed hypertrophied particles and form rice bodies (Fig. 8-12). Pannus has variable signal characteristics, depending on the stage of the disease. In chronic or burned-out cases, the synovium demonstrates low signal intensity on both T1- and T2-weighted images. With active inflammation, the MR signal of synovium approximates that of joint fluid on all pulse sequences. Most important, however, is that unlike simple joint fluid, synovitis enhances rapidly after intravenous contrast administration. MR imaging can also be used to evaluate tenosynovitis in inflammatory arthritides or infections. In wrists affected by rheumatoid arthritis, MR imaging demonstrates more tendon sheath involvement than physical examination does and can be used to establish or confirm a diagnosis of extensor tendon rupture.
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Figure 8-12 Erosive rheumatoid arthritis. Coronal T2-weighted (TR/TE, 2500/80) spin echo MR image of the wrist. Pannus with heterogeneous signal intensity is present within an erosion of the ulnar head (arrow). Also note the synovitis with rice bodies (arrowheads) in the midcarpal and radiocarpal compartments.




















Synovial Neoplasm


Proliferative, noninflammatory disorders of the synovium can also occur. These include primary synovial (osteo)-chondromatosis, pigmented villonodular synovitis, and diffuse synovial lipoma (lipoma arborescens). These lesions can have a characteristic appearance on MR imaging (see Chapter 71).




















FIBROCARTILAGE


Several specialized supporting structures within joints are composed of fibrocartilage. Between two articulating bones, they are called discs if they completely separate two joint compartments, and they are called menisci if they partly separate compartments. Examples of discs include the triangular fibrocartilage in the wrists and the articular discs in the temporomandibular, acromioclavicular, and sternoclavicular joints. Menisci occur in the knees and elbows.








Normal Appearance and Technique


Fibrocartilage is composed of mostly type I collagen interspersed with small amounts of elastin, proteoglycans, and vascular tissue. The articulating surfaces of the knee meniscus, for example, are covered by a thin layer of parallel fibers that permit smooth gliding. Conversely, the bulk of the meniscus is composed of circumferential strands, joined by a few perpendicular radial tie fibers, to provide the hoop stress necessary to withstand the force of the femoral condyle on the tibial plateau. Vessels are located only in the outer 10% to 30% of the meniscal periphery.


Normal fibrocartilage has low signal intensity on most MR imaging pulse sequences. Some important exceptions exist, however. First, in regions where large numbers of nearly parallel fibers are oriented obliquely to the main magnetic field, the magic angle phenomenon may artifactually increase the internal signal intensity. Second, vascularized regions of fibrocartilage may be relatively hyperintense on MR images. Such regions include the periphery of the knee menisci and the ulnar attachments of the triangular fibrocartilage in the wrist.


Several MR pulse sequences can be used for examining fibrocartilage, and each has unique advantages and disadvantages. For the knee menisci, proton density-weighted images are the most useful. Spin echo technique is preferred to fast spin echo because of the inherent blurring that occurs when fast spin echo images are acquired with a short effective TE. Reducing the interecho spacing, increasing the matrix size, and decreasing the echo train length (turbo factor) can make fast spin echo imaging nearly as sensitive as spin echo imaging for meniscal abnormalities while still maintaining a slight advantage in acquisition time. Regardless of the sequence chosen, sagittal and coronal images should be obtained with slices 3 to 4 mm thick and a field of view of no more than 16 cm.


T1-weighted MR imaging after arthrography with a gadolinium-based contrast agent is most often used in knees that have undergone meniscal surgery. MR arthrography is the most sensitive study for examining the labra in the shoulders and hips and probably for the wrist triangular fibrocartilage as well.














Traumatic Disorders


In the knee, two MR imaging criteria are used for diagnosing meniscal tears. The first is the presence of intra-meniscal signal on a short TE image that unequivocally extends to one or both articular surfaces of the meniscus (Fig. 8-13). Hyperintense signal that is contained entirely within the meniscus or possibly extends to the surface should not be interpreted as a tear. Hyperintense signal on T2-weighted images peripheral to the meniscal outer margin was once thought to represent meniscocapsular separation, but this finding correlates poorly with true pathology seen at arthroscopy. The second criterion is abnormal meniscal shape: a tear is present if any alteration of the usual cross-sectional triangular or bow-tie shapes is noted. These rules do not apply after meniscal surgery.




[image: image]


Figure 8-13 Full-thickness longitudinal tear of the medial meniscus. Sagittal intermediate-weighted (TR/TE, 2300/20) spin echo MR image. Vertically oriented intrameniscal signal (arrow) unequivocally contacts the superior and inferior meniscal surfaces.








In a postoperative knee, a recurrent meniscal tear can be diagnosed confidently only if an abnormality occurs in a region separate from the initial meniscal tear, if frag-mentation or displaced fragments are seen, or if a fluid-containing cleft is present within the substance of the meniscus. Intra-articular contrast seen tracking into the substance of the postoperative meniscus on an MR arthrogram is the most specific finding indicating a new menis-cal tear or a repaired tear that has not healed (Fig. 8-14).
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Figure 8-14 Recurrent meniscal tear after partial medial meniscectomy. Sagittal fat-suppressed T1-weighted (TR/TE, 800/15) spin echo MR image after a knee arthrogram performed with a dilute gadolinium mixture. Injected contrast enters the substance of a new meniscal tear (arrow) in the remnant of the posterior horn. Also note the degenerative cartilage loss along the medial femoral surface (arrowheads).








An acetabular or glenoid labrum that is absent, detached from the underlying bone (except in the anterosuperior quadrant of the shoulder joint), or fragmented represents a torn structure. Tears of the acetab-ular or glenoid labrum can also be diagnosed when the labrum is misshapen or when the internal signal intensity seen on a T2-weighted image extends to the articular surface. Imbibition of injected contrast material into the substance of the labrum also indicates a tear, and the sensitivity of MR arthrography exceeds that of standard MR imaging.














Nontraumatic Disorders


A discoid meniscus is a meniscus that is larger than normal. A complete discoid meniscus separates a joint into two compartments (like a joint disc); in the case of a partial discoid meniscus, there is still a central opening. Discoid menisci in the knee are more common laterally than medially. When compared with normal menisci, they have an increased propensity to tear. In the elbow, a discoid meniscus can impinge between the posterior of the capitellum and the radial head, blocking extension. On MR imaging examinations, discoid menisci appear larger than normal and often lack the usual triangular cross-sectional shape.


With aging, the fibrocartilage in the body can degenerate. On MR images, degenerated menisci, labra, and discs often contain increased internal signal intensity that may be globular or linear. Degenerative signal extending to the surface of the structure represents a degenerative tear that can be visualized arthroscopically. Chondrocal-cinosis can also occur within fibrocartilage with aging, and occasionally, the calcification may be high in signal intensity on short TE images. In cases in which the calcification extends to the articular surface of a meniscus (and presumably in a labrum or disc), the MR appearance may mimic that of a tear.


A para-articular cyst forms when a fibrocartilage tear (either traumatic or degenerative) creates a channel through which fluid can travel to the joint periphery. A one-way valve mechanism allows the cyst to grow. In the knee, meniscal cysts become symptomatic because of their size or from entrapment or compression of surrounding structures. In the shoulder, labral cysts tend to extend into the spinoglenoid or suprascapular notches, where they can compress the suprascapular nerve. On MR imaging studies, cysts may be unilocular or multilocular and should have high signal intensity on T2-weighted images. Because the cysts often contain gelatinous or fibrous material, the contents may be hyperintense in relation to fluid on T1-weighted images. The diagnosis of meniscal cyst should be made only if the cyst abuts a meniscal tear or the site of a healed tear (Fig. 8-15).
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Figure 8-15 Lateral meniscal cyst and recurrent meniscal tear after partial meniscectomy. Coronal fat-suppressed intermediate-weighted (TR/TEeff, 3500/16) fast spin echo MR image after the intra-articular injection of a dilute gadolinium mixture. A meniscal cyst (C) communicates with a recurrent horizontal tear of the meniscus, through which gadolinium tracks (arrow). The inner tip of the meniscus is absent because of a partial meniscectomy.


























TENDONS


Tendons are highly specialized tissues that provide the mechanical linkage between muscle and bone. As such, they are subject to large stresses when a muscle contracts violently. More important, repetitive, submaximal muscle contractions produce cumulative microscopic tendon damage that results in a spectrum of tendon abnormalities ranging from chronic degeneration (tendonopathy) to complete tendon rupture.








Normal Appearance and Technique


Type I collagen forms the bulk of a tendon and is arranged in tightly wound parallel fibers to provide tensile strength. Normal tendon is relatively avascular, and vessels do not penetrate the individual tendon fascicles. Tendons that change course by turning around a bony prominence or under a retinaculum or pulley are surrounded by a synovial sheath. Tendons without a sheath are surrounded by a thin, vascular membrane—the paratenon—that provides nutrients and allows the tendon to glide.


Normal tendons have a very short T2 and thus appear uniformly dark on all clinical imaging sequences. There is one exception: the magic angle phenomenon can artifactually increase the internal signal intensity of normal tendons. When a tendon is oriented at approximately 55 degrees with respect to the static magnetic field, T2 decay is greatly retarded, so the intratendinous signal dramatically increases on short TE (T1-weighted, proton density-weighted, and gradient recalled) images. The critical TE above which there is no contribution from the magic angle phenomenon is 37 msec on both 1.0- and 1.5-T scanners. For practical purposes, however, the effect is so slight with TEs of greater than 20 msec that it is not noticeable. Tendons that travel a curved course in the body are the ones most likely to pass through the magic angle. Common examples include the supraspinatus tendon in the shoulder, the flexor and extensor tendons of the hand, the patellar tendon in the knee, and the medial, lateral, and anterior tendons of the ankle. The peroneus brevis tendon in the ankle seems to be the most frequently affected. To avoid mistaking the increased signal intensity for pathology, abnormal signal intensity should be confirmed on T2-weighted images, which are not affected by the artifact. If the tendon in question is dark on T2-weighted images, a tendon disorder should be diagnosed only when morphologic changes in tendon size or contour accompany increased signal intensity on the short TE images.


Short-axis cross sections (typically in the transverse plane) are used to evaluate tendon size, contour, and internal signal, as well as the surrounding sheath or paratenon. Longitudinal images provide an overview of the tendon from the myotendinous junction to the osseous insertion. These long-axis projections show focal changes in tendon size, and any retraction of the myotendinous origin is due to stretching of the tendon. In cases of complete tendon rupture, longitudinal images demonstrate the size of the tendon gap, the position of the separated fragments, and the quality of the torn tendon ends. Gradient echo images obtained as a three-dimensional acquisition are occasionally useful for evaluating tendons that follow an oblique or curved course, such as the finger flexors.


On MR images, normal tendons are sharply marginated and are typically round, oval, or flat in cross section. The radiologist should be familiar with the normal size range of each tendon, which is often determined by comparing tendons in the same part of the body. For example, the tendon of the normal posterior tibialis is roughly twice as large as the flexor digitorum longus tendon, whose size approximately equals that of the flexor hallucis longus tendon. Throughout its course, a normal tendon should not change in caliber, except at its insertion, where it may widen into a broad osseous attachment. At the insertion, the signal intensity may become heterogeneous as well, representing an admixture of tendon, fibrocartilage, and ossification.














Tendon Degeneration


Tendon degeneration is the main risk factor for tendon rupture. At least one third of asymptomatic subjects older than 35 years show some histologic evidence of degeneration. Probably more important than the changes of normal aging, however, are the cumulative effects of chronic repetitive injury and inefficient repair. Although the term tendinitis may be applied clinically, the condition is not inflammatory, so the terms tendinopathy or tendinosis are preferred. In clinical practice, the tendons that degenerate most frequently are the rotator cuff, long head of the biceps, extensor carpi radialis brevis, gluteus medius, patellar, posterior tibialis, and Achilles tendons.


On MR images, tendon degeneration is recognized by changes in tendon size, contour, internal signal intensity, or any combination of these factors. The most common finding is focal or diffuse tendon hypertrophy, which probably reflects the disordered collagen fiber arrangement. Tendinopathy of the Achilles and patellar tendons is typically hypertrophic (Fig. 8-16). Less commonly, as degeneration progresses, the tendon loses its viscoelasticity and elongates under the influence of its contracting muscle. The result is an atrophic tendon that has been stretched like taffy. This form of degeneration may be seen in the posterior tibial tendon (Fig. 8-17). Indistinctness of the tendon contour is a second finding in tendinopathy. For example, loss of the usual sharp contour between the posterior fibers of the patellar tendon and the infrapatellar fat in Hoffa’s pad signals early degeneration (see Fig. 8-16).
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Figure 8-16 Proximal patellar tendinopathy in a professional baseball player. Sagittal intermediate-weighted (TR/TE, 2300/14) spin echo MR image of the knee. The proximal patellar tendon is thickened, with increased internal signal intensity. Note the indistinctness of the posterior margin (arrow) when compared with the normally sharp interface seen in the lower tendon (arrowheads).
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Figure 8-17 Atrophic posterior tibial tendinopathy. Transaxial intermediate-weighted (TR/TE, 2500/20) spin echo MR image through the ankle. The posterior tibial tendon (arrow) has a smaller diameter than the flexor digitorum longus tendon (arrowhead). Normally, the posterior tibial tendon is approximately twice as large as the other tendon. F, fibula; T, talus.








In tendinopathy, the increased signal on T2-weighted images should be less intense than that of fluid. Signal that is isointense to fluid or signal that is less intense but reaches the outer tendon surface probably represents macroscopic tearing. Remember, however, that a degenerated tendon that is not visibly torn still contains microscopic fiber separation and may be just as dysfunctional as a ruptured tendon, especially if it has lost its springiness. Further, a degenerated but intact tendon can still produce pain. To emphasize this, the phrase “tendinopathy without a macroscopic tear” is used by some authors.














Tendon Tears


Tendon tears occur after penetrating injury, from stretching insults, or spontaneously. Penetrating wounds, typically from glass or knives, produce tendon lacerations that are usually clinically apparent. The wrists, hands, and fingers are most vulnerable. When complete transection has occurred, MR imaging can be used to identify the location of the retracted proximal and distal tendon ends for surgical planning. After repair, MR imaging may be needed to evaluate complications, including tendon rerupture, and peritendinous scar formation. A normally healed tendon should have a uniform caliber throughout. Nodules at the repair site appear as focal bulbous swellings. Recurrent tears are recognized by a gap between the tendon fibers. Once it has matured, peritendinous scar has low signal intensity on all sequences and typically obliterates the normal surrounding fat planes.


MR imaging is commonly used to diagnose tendon ruptures not caused by penetrating trauma. In the lower extremities, these injuries most frequently involve the distal quadriceps, proximal hamstring, patellar, and Achilles tendons; in the upper limb, the rotator cuff and biceps long head are most commonly affected. Whether these tears are preceded by a recognized acute injury or occur spontaneously, one fact is clear: normal tendons do not tear. Analysis of nearly 900 “spontaneous” tendon ruptures showed that all occurred in histologically diseased tendons, even though two thirds of the patients never had previous symptoms. Because tears occur in diseased tendons, on MR imaging, the signs of a tendon tear are typically superimposed on those of hypertrophic or atrophic tendinopathy (Fig. 8-18). The signal intensity and morphologic changes that distinguish a low-grade, partial-thickness tear from severe tendinopathy may be subtle, because the two conditions are points on a spectrum. Microscopic splitting of collagen strands coalesces into macroscopically recognizable fiber disruption. At this point, the MR signal within the tendon approaches that of fluid on a T2-weighted image (see Fig. 8-18). A tendon that has split along its long axis appears fragmented in cross section (Fig. 8-19). An abrupt decrease in tendon diameter is another finding indicating a partial tendon tear.
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Figure 8-18 Partial Achilles tendon tear superimposed on severe tendinopathy. A, Sagittal intermediate-weighted (TR/TE, 1000/23) spin echo MR image of the ankle. The Achilles tendon (A) is markedly thickened. B, Transverse fat-suppressed T2-weighted (TR/TEeff, 3000/63) fast spin echo MR image. Signal intensity that is nearly isointense with fluid (arrow) is seen within the hypertrophied tendon.
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Figure 8-19 Sagittal split of the peroneus longus tendon. Transverse fat-suppressed T2-weighted (TR/TEeff, 3000/42) fast spin echo MR image. The normally oval tendon has lost its usual smooth contour because of a high-signal-intensity longitudinal tear (arrowhead).








In complete or full-thickness tears, MR images demonstrate a total loss in continuity of the tendon fibers. T2-weighted images show a high-signal-intensity defect if the resultant gap is fluid-filled. However, if scar or granulation tissue fills the gap (which is especially common after tendon repair), the defect will not necessarily contain high-signal-intensity material. This appearance is common in long-standing, massive rotator cuff tears, in which complete absence of any visible tendon is the pre-dominant MR imaging finding. MR images also provide important ancillary information that affects treatment decisions. Assessment of the quality of the torn tendon ends is important, because if they are severely degenerated, they will probably not hold sutures (Fig. 8-20). Severe fatty atrophy of muscle associated with a complete tendon tear indicates chronicity and suggests that although repair or reconstruction of the tendon may improve pain or function, it will probably not improve strength.
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Figure 8-20 Complete Achilles tendon tear with degenerated tendon ends. Sagittal fat-suppressed intermediate-weighted (TR/TEeff, 3000/14) fast spin echo MR image. Note the “mop end” configuration of the tendon stumps. Primary repair of a degenerated tendon may be difficult, and a tendon graft is commonly used for reinforcement.








MR arthrography has a role in the diagnosis of tears in tendons that form part of the joint capsule, such as the rotator cuff. Performing MR arthrography increases sensitivity for the diagnosis of partial-thickness tears of the tendon surface facing the injected joint. Specificity is also increased for the diagnosis of full-thickness tears, which allow injected contrast to extravasate through the tendon defect. For repaired tendons, MR arthrography differentiates healing or healed repairs from recurrent partial- or full-thickness tears.


In addition to rupture, tendons that course around a bony protuberance or run within a fibro-osseous groove are at risk for dislocation and subluxation. These injuries commonly involve the long head of the biceps brachii, although dislocation of the peroneal tendons, posterior tibial tendon, and extensor carpi ulnaris tendon can occur as well. Tendon dislocation or subluxation often indicates an injury to a supporting structure, such as the peroneal retinaculum for the peroneal tendons or the subscapularis muscle for the biceps (Fig. 8-21).
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Figure 8-21 Tear and dislocation of the long head of the biceps associated with a subscapularis tendon tear. Transaxial fat-suppressed T2-weighted (TR/TEeff, 3120/54) fast spin echo MR image. The enlarged, high-signal-intensity biceps tendon (curved arrow) is dislocated medially into the glenohumeral joint. The torn subscapularis tendon end (arrowhead) has retracted from its lesser tuberosity insertion (straight arrow). Evidence of subscapularis tendon rupture should be carefully sought whenever intra-articular dislocation of the biceps is found.




















Inflammatory and Infiltrative Conditions


Inflammatory peritendinitis is less common than degenerative tendinopathy. Insertional enthesitis, which weakens the tendon enthesis and predisposes it to spontaneous rupture, can be seen with rheumatic and collagen vascular diseases. Inflammation can also occur at tendon insertions in athletes without underlying disease and is often associated with an adjacent bursitis. Calcific tendinitis from calcium hydroxyapatite deposition is readily diagnosed with a combination of clinical findings and radiographs showing characteristic fluffy calcifications within a painful tendon. On MR images, the calcium deposits have very low signal intensity on all pulse sequences and may demonstrate “blooming” on gradient recalled images, with high signal intensity in the adjacent tissues on T2-weighted images.




















LIGAMENTS


Ligaments and capsules connect bones together. Retinacula are attached on one or both ends of bone and act as slings for passing tendons. Fasciae typically anchor other soft tissues such as skin, tendon sheaths, or ligaments.








Normal Appearance and Technique


Ligaments, capsules, retinacula, and fasciae are similar in composition to tendons. Ligaments are hypovascular but not avascular structures. They have more ground substance and less collagen than tendons do. Superficial ligament fibers insert onto the periosteum, which is tightly attached to the underlying osseous cortex via Sharpey’s fibers. The deep fibers insert directly into bone, with an orderly histologic transition from ligament tissue to fibrocartilage, to mineralized fibrocartilage, and then to cortical bone.


Ligaments confer low signal intensity on all pulse sequences, except on short TE images in ligaments oriented close to the magic angle. For ligaments composed of distinct bundles, such as the ACL in the knee or the deep deltoid in the ankle, separate fascicles may be visualized with fat or synovium between the bundles. With fibrocartilaginous insertion into bone or insertion into a developing enthesis, the dark ligament fibers blend gradually into the intermediate signal intensity of the underlying tissues. Ligament evaluation should include T2-weighted images; the addition of fat suppression may make subtle abnormalities in signal intensity more conspicuous for ligaments that are surrounded by fat or ligaments that contain fat between their fascicles.


A normal ligament should be visualized in continuity from one osseous attachment to the other; however, depending on the orientation of the structure, the imaging plane, and section thickness, such visualization may not be possible on a single image. Most ligaments appear taut because they are stretched to their full length when the extremity is positioned for MR imaging. Common examples include the collateral ligaments of the knee, elbow, and digits. For these structures, any waviness or laxity indicates pathology. Others, such as the posterior cruciate ligament in the extended knee, are normally imaged in a lax position, but they should still be visualized in continuity from one bone to the next. For each commonly injured ligament, the radiologist should be familiar with its normal orientation and thickness, because changes in position or size may be the only clues to a chronic tear or previously injured structure.














Acute Injuries


Acute ligament injuries are called sprains, and they cause joint pain and instability. Sprains occur in the substance of the ligament or at its bony attachments. Grade I sprains represent overstretched fibers that contain micro-scopic hemorrhage and tearing, without macroscopic disruption of fibers. In grade II injuries, the ligament is partly torn, whereas in grade III sprains, complete ligament disruption is observed. Clinically, higher-grade injuries are associated with increasing laxity of the joint under stress testing.


MR imaging plays a role in confirming the injury, estimating its severity, and identifying associated pathology (Fig. 8-22). Complete tears are characterized by total discontinuity of the ligament fibers, with high-signal-intensity material in the resultant gap on T2-weighted images. Acutely, the torn ligament ends may have a “mop end” appearance, representing unraveled individual fibers that are separated by hemorrhage and edema. Within weeks, the fibers coalesce, and the torn ends can be better defined. Grade II partial tears (or partly healed complete tears) show some intact fibers and some disrupted ones. Ligaments with grade I injuries (interligamentous sprains) appear thickened and contain high signal intensity on T2-weighted images.
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Figure 8-22 Complete, acute medial collateral ligament tear. Coronal fat-suppressed intermediate-weighted (TR/TEeff, 3500/20) fast spin echo MR image of the knee. The fibers of the medial collateral ligament are completely disrupted (arrowhead). Also note the displacement of an avulsed medial meniscus into the intercondylar notch (arrow). Tears that involve the deep medial collateral ligament can also separate the meniscus from its peripheral attachments.








In several special circumstances, MR imaging has a direct impact on the clinical management of ligament injuries. For example, whereas physical examination can indicate that the ulnar collateral ligament in the thumb is torn, MR images can demonstrate whether a Stener lesion is present and surgery is necessary (Fig. 8-23). The accuracy of MR imaging is lower in knees with several torn ligaments than in knees with a single torn ligament. Similarly, in severe ankle sprains, MR imaging can demonstrate injuries that involve the tibiofibular (syndesmotic) ligaments, in addition to the anterior talofibular and calcaneofibular ligaments. In cases in which a ligament is shown to be intact, MR imaging often suggests an alternative diagnosis that accounts for the patient’s symptoms.
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Figure 8-23 Thumb ulnar collateral ligament tear and a Stener lesion. Coronal fat-suppressed T2-weighted (TR/TEeff, 3000/44) fast spin echo MR image. The avulsed ulnar collateral ligament is balled up proximally (straight arrow) and separated from its distal attachment site (curved arrow) by the interposed adductor aponeurosis (arrowheads). MC, metacarpal; PP, proximal phalanx.




















Chronic and Treated Injuries


As a torn ligament attempts to heal, fibrotic scar tissue forms and has low signal intensity on MR images. A ligament that has successfully healed, after either conservative treatment or repair, is thickened but low in signal intensity on T2-weighted images. Any areas of ossification within the ligament have the signal characteristics of marrow on all pulse sequences. When normal healing does not occur, the tear is said to be chronic, and patients may have continued instability or nonspecific pain.


The MR imaging appearance of a chronic ligament tear is more variable than that of an acute tear. Occasionally, complete absence of visible ligament tissue is noted. At other times, low-signal-intensity scar is present but does not have the morphology of the normal ligament. This occurrence is common for chronic ACL tears, which may become scarred to the posterior cruciate ligament. The scarred ligament may appear focally angulated or buckled, or it may lie relatively horizontally in the inter-condylar notch. Despite scarring between the cruciate ligaments, the scar does not confer stability to the knee. In the lateral ligaments of the ankle, torn ligaments typically scar in their usual locations. It may be difficult to distinguish a healed ligament from a scarred, incompetent one without MR arthrography.


The role of MR imaging in chronic ligament tears is severalfold. In addition to identifying the abnormal ligament itself, MR imaging is used to identify other pathology that may coexist with or mimic a chronically torn ligament. This situation is particularly common in the ankle, where peroneal tendon tears, retinacular injuries, talar dome osteochondral lesions, stress fractures, sinus tarsi syndrome, and soft tissue impingement can all mimic the symptoms of chronic lateral instability.
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CHAPTER 9


Needle Biopsy of Bone and Soft Tissue




SUMMARY OF KEY FEATURES


Advances in radiology, including image intensification, biplane videofluoroscopy, computed tomography (CT), ultrasonography, magnetic resonance (MR) imaging, and high-resolution radionuclide bone scanning, have emphasized that radiologists are in a unique position to perform such imageguided needle biopsies. In many cases, such procedures are a cost-effective alternative to open biopsy, and they have become the accepted surgical procedure for the diagnosis of a variety of skeletal disorders, including neoplastic, inflammatory, and metabolic conditions.
















INTRODUCTION


Biopsy specimens can be obtained in one of two ways: aspiration by needle, or removal of a core of tissue by trephine. Tissue obtained by needle aspiration is small in quantity and distorted, with loss of cellular configuration; tissue obtained by trephine biopsy is greater in quantity and intact, although this technique requires a larger needle. Needle aspiration is most useful for tissue culture to exclude infection, although some investigators report the value of needle aspiration in establishing a wide variety of clinical diagnoses; trephine biopsy is a better technique for histologic diagnosis. Use of both methods together, however, has been emphasized in some reports. This combined approach requires little extra time and has been found to minimize false-negative results and increase specificity.














GENERAL CONSIDERATIONS


Although the treatment of tumors of bone and soft tissue has changed dramatically in recent years because of the increasing use of limb salvage procedures as an option for malignant neoplasms, establishing an accurate diagnosis before instituting therapy remains an important consideration. Whether the procedure is performed directly as an open biopsy by an experienced orthopedic surgeon or indirectly as a percutaneous procedure by a qualified radiologist, it must be done correctly. A biopsy needle or a scalpel creates a pathway through which tumor cells can disseminate. Tissues exposed at the time of an incisional biopsy or during a percutaneous procedure must be removed later during definitive operative excision of a malignant tumor. Clearly, the shortest route to a lesion may not be the best one, and care must be exercised in choosing an appropriate entrance point for either needle aspiration or trephine biopsy. As a general rule for imageguided procedures, all biopsies must be coordinated with the surgeon who will perform the definitive surgery (Fig. 9-1).
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Figure 9-1 Biopsy with CT guidance in a patient with a small lytic lesion in the ilium (arrow). Although a path through the gluteal muscles would be more direct, such an approach would violate the tissue planes required for definitive surgery for a primary lesion.




















CLOSED VERSUS OPEN BIOPSY: ADVANTAGES AND DISADVANTAGES


Some of the advantages of closed needle biopsy of bone or soft tissue over open biopsy are obvious and include the following: (1) procedures can be accomplished quickly, usually within 45 minutes; (2) general anesthesia is not required, and the technique can be done as an outpatient procedure; (3) the procedure is safe, and local complications are infrequent; and (4) the use of modern image guidance facilitates accurate needle placement.


The major disadvantages of closed needle biopsy are the following: (1) a relatively small amount of material is obtained, which may not be representative; (2) the success of the procedure requires an experienced pathologist in close cooperation with a radiologist; (3) closed biopsy of a tumor could lead to tumor dissemination in neighboring and distant tissue; and (4) needle biopsy often cannot provide sufficient tissue for cytogenetic analysis, required by certain treatment protocols.














INDICATIONS AND CONTRAINDICATIONS


Indications for needle biopsy of bone and soft tissue vary from one institution to another; however, certain general guidelines do exist.








Neoplastic Disease


With regard to patients with suspected or proven skeletal metastasis, potential indications for closed bone biopsy include the following:




1. Patients with a known primary tumor who have a solitary bone lesion detected by conventional radiography, CT, MR imaging, scintigraphy, or any combination of these, in whom verification of the nature of the lesion will influence treatment.


2. Patients without a known primary tumor who have solitary or multiple osteolytic or osteoblastic lesions and in whom the most probable diagnosis is metastatic disease. In such persons, bone biopsy represents a direct method of quickly establishing the cellular characteristics of the metastatic focus.


3. Patients with known multiple primary tumors who have one or more bone lesions.


4. Patients with a known primary tumor in whom it must be determined whether viable tumor cells are present in a radiographically stable metastatic bone lesion.


5. Patients with a known primary tumor that is in clinical remission and in whom a new bone lesion has developed.


6. Patients who have received radiation therapy for a primary tumor, metastatic bone lesion, or both and in whom osseous abnormalities of an unclear nature have developed in the irradiated skeleton.


7. Patients with a non-neoplastic skeletal problem (e.g., Paget’s disease, osteomyelitis) that may predispose to metastatic seeding and in whom a new aggressive lesion of an unclear nature has developed at the site of bone involvement.

















Metabolic Disease


To accurately establish the presence and type of metabolic disease, open wedge resection or percutaneous biopsy of the iliac crest should be accomplished. Large-core biopsy needles are used for this procedure and provide adequate material for qualitative and quantitative histologic evaluation.














Infectious Disease


Closed needle biopsy or aspiration can be useful in establishing a diagnosis of osteomyelitis or septic arthritis. Material should be obtained for both histologic diagnosis and appropriate tissue culture. The influence of iodinated contrast material and pain medications (e.g., lidocaine) on the successful identification of causative organisms obtained from cultures of removed tissue is controversial, although concentrated mixtures of these agents should probably be avoided.














Articular Disease


Although closed bone biopsy is usually not necessary in the diagnosis of articular disorders, it may be used to evaluate patients with subchondral cystic lesions in whom the exact diagnosis is in doubt.














Miscellaneous Diseases


Closed bone biopsies can provide information in numerous other diseases, including Paget’s disease, fibrous dysplasia, eosinophilic granuloma, and sarcoidosis.




















BIOPSY SITES


Use of imaging studies in the localization of appropriate biopsy sites is important. Scintigraphy may identify additional lesions that are more accessible to closed needle biopsy than the initially detected abnormality. Closed needle biopsy of radiographically and scintigraphically positive lesions is more successful than biopsy of lesions that are apparent only on radionuclide scans, although definite diagnoses may be established in the latter situation as well. Abnormalities evident with CT scanning and not by routine radiography are best sampled when the former method is used to ensure accurate needle placement. MR imaging can also be used for the detection of lesions that are not apparent on routine radiographs, and with attention to the choice of a specific needle, its orientation, and specific pulse sequences, this method can be used to monitor the biopsy procedure. The preferred biopsy site is a prominent area of a nonweight-bearing bone. Additional accessible areas for biopsy are the pelvis and extremities. Biopsy of the lumbar spine is performed more easily than biopsy of the thoracic spine.














NEEDLES: TYPES AND TECHNIQUES


A variety of needles is available for both trephine and aspiration biopsy. Trephine needles are of two basic types: (1) needles with narrow, paired cutting blades that engage the tissue, and (2) round tubes with serrated edges that cut the tissue. With a to-and-fro twisting motion and a variable amount of pressure, the cutting needle is driven into the bone, and its position is verified. The needle is moved back and forth to dislodge the specimen from surrounding osseous tissue. The cutting needle is then removed, and the cannula is left in place. The cannula can subsequently be moved to a different location if a second biopsy specimen is required. The tissue is removed from the cutting needle with a long, thin probe and placed in an appropriate specimen container.


Aspiration needles are available in different sizes. For many lesions, an 18- or 20-gauge needle may be sufficient. The needle with stylet is guided into the lesion with gentle pressure under imaging control. The stylet is removed, and a syringe is used for tissue aspiration. It has been suggested that rotation of the syringe allows more adequate biopsy samples. The material is placed on appropriate slides for cytologic examination and, if required, placed in laboratory containers for culture and bacteriologic identification.














ADDITIONAL TECHNIQUES OF NEEDLE BIOPSY


Although CT, with its cross-sectional display and excellent density resolution, has been used successfully to monitor closed biopsy procedures of the musculoskeletal system, it is not needed in many cases. Ultrasonograph-ically guided biopsy procedures are best reserved for superficial lesions and aspiration of lesions suspected of containing fluid. Biopsies of solid soft tissue masses can likewise be accomplished with ultrasonographic guidance, and this imaging method has been used to guide bone biopsies as well. Localization of subperiosteal abscesses and investigation of diffuse or focal muscle abnormalities can be accomplished with ultrasonic guidance, and this method allows the localization and removal of some foreign bodies. The role of MR imaging-guided biopsy techniques is not yet established, although open-configuration magnets and specially designed needles are important advances.














BIOPSY OF VERTEBRAE


The techniques for obtaining biopsies of vertebral bodies under fluoroscopic or CT guidance have been well outlined, and the choice of technique depends on the level of the lesion as well as its position within the vertebra. With regard to the thoracic and lumbar vertebrae, two basic methods exist: the transpedicular approach and the pos-terolateral approach.








Transpedicular Biopsy


This approach is safe and accurate and well suited for the thoracolumbar spine. C-arm fluoroscopy or CT scanning can be used to guide needle placement. The patient is typically placed prone. Then, using a posterior approach, the needle is advanced into the pedicle and subsequently into the vertebral body (Fig. 9-2).
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Figure 9-2 Transpedicular biopsy of the T7 vertebral body. In this 62-year-old man with newly diagnosed prostate carcinoma, scintigraphy showed a single focus of increased tracer accumulation in the spine. CT demonstrates the tip of the biopsy needle within a small sclerotic lesion (arrows), which documented the presence of metastasis.




















Posterolateral Biopsy


The patient is placed in the prone position on the table. The point of needle entrance is lateral to the spinous process of the vertebra to be sampled. A more lateral approach is used in the lower thoracic and lumbar spine (Fig. 9-3). The patient can be left prone or turned to a prone oblique or lateral position during the biopsy procedure. Whereas fluoroscopic guidance may be used with a transpedicular approach, the posterolateral approach is best accomplished with CT guidance.
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Figure 9-3 Technique of spinal biopsy. A, Lower thoracic and lumbar vertebrae. The needle is inserted 6.5 cm from the spinous process at a 145-degree angle from the horizontal. B, Upper thoracic vertebrae. The needle is inserted approximately 4 cm from the midline, over the rib, at a 125-degree angle from the horizontal.




















Biopsy of the Cervical Vertebrae


The patient is placed supine, and an anterolateral approach is used to avoid the larynx and large vessels. Under fluo-roscopic or CT guidance, the needle is advanced at an angle of approximately 20 degrees to the patient’s sagittal plane. Because of the complex regional anatomy, however, the use of large trephines is difficult, and aspiration is more easily accomplished with a percutaneous approach to the cervical spine.




















PROCESSING OF THE BIOPSY SPECIMEN


It is always advisable to contact the pathology department before performing the biopsy to ensure correct handling of the specimen. Fluid aspirates should be transferred immediately to culture tubes or rapidly delivered to the laboratory for plating. In cases of suspected articular infection in which no fluid is recovered spontaneously, the instillation of nonbacteriostatic, sterile saline solution should be followed by reaspiration of the joint contents.


Blood that is aspirated from an osseous lesion should not be discarded, because it frequently provides an accurate diagnosis. The blood is allowed to clot in a syringe or plastic cap and then sent to the laboratory as a tissue specimen in formalin and processed separately from the removed tissue. Smears can also be made from small drops of blood. If electron microscopy is being considered as an adjunct to routine histologic analysis, a portion of the tissue should be placed in glutaraldehyde, not formalde-hyde. Less commonly used tissue examinations include cytologic studies, tissue imprints, and immunofluorescence.














COMPLICATIONS


Image-guided percutaneous biopsy is usually performed without significant complications. Mild pain and discomfort are common. Hemorrhage can result when biopsy specimens are obtained from patients with vascular tumors or when a venous or arterial structure is injured, particularly in biopsies of the spine (Fig. 9-4). Other reported complications include paresis, pneumothorax, sinus tract, footdrop, pneumonia, pneumoretroperitoneum, meningitis, and even death, but these complications are extremely rare. Because of the potential for local or systemic spread of tumor during or after the biopsy, the procedure should be accomplished in such a way that the needle tract can be resected along with the specimen.




[image: image]


Figure 9-4 Biopsy complication–hematoma. In this 73-year-old man with a history of lung carcinoma, spinal MR images obtained for back pain revealed a focal lesion in the L2 vertebral body. A subsequent CT-guided biopsy was done using a posterolateral approach. The image obtained during placement of the needle shows a hematoma forming in the right psoas muscle. Although the hematoma had markedly enlarged on a subsequent scan, conservative treatment was successful.
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CHAPTER 10


Spinal Imaging


Jeffrey S. Ross




SUMMARY OF KEY FEATURES


A variety of diseases affects the osseous and soft tissue structures of the spine. Accurate diagnosis is often challenging, although a number of imaging methods are available for this purpose. Of these, magnetic resonance (MR) imaging is currently receiving the greatest attention.
















INTRODUCTION


A revolution in the diagnosis and management of spinal disorders has occurred in the past 10 to 15 years. Powerful imaging methods can be applied to delineate the complexities of pathologic conditions in the spine. MR imaging has quickly emerged as the method of choice for the assessment of virtually all disorders of the spine, with computed tomography (CT) scanning continuing to play a key ancillary role. This chapter reviews the basic imaging approaches to the spine and their usefulness in specific disease entities.















IMAGING TECHNIQUES



Routine Radiography





Routine films are universally available and relatively inexpensive, but they are limited by an inability to allow direct visualization of neural structures and neural compression. The presence of degenerative changes within the cervical and lumbar spine has been shown to be related to age, and such changes can be found in both asymptomatic and symptomatic persons. Twenty-five percent of asymptomatic patients have degenerative changes in the intervertebral disc spaces by the fifth decade of life. By the seventh decade of life, 75% have such degenerative changes.


The goal of spinal fusion is to produce a solid arthrodesis to correct or prevent spinal instability. Bone grafts can be placed posterior to, posterolateral to, or within the disc space for anterior interbody fusion or can be used to fill cages to promote such anterior fusion. Instrumentation is used to increase the success rate of bone fusion by providing purchase to an individual level and rigid linkage to other levels. It usually takes 6 to 9 months for routine radiographs to document solid spinal fusion and 3 years to confirm complete remodeling at the fusion site. Pseudarthrosis or fibrous union is a common complication of spinal fusion. Reabsorption of bone can occur around screws and under implants where there is direct contact with bone, and this is usually associated with vertebral motion.








Myelography


The diagnosis of extradural neural compression by myelography is inferred by changes in the contour of the normal contrast-filled thecal sac and root sleeves rather than by direct visualization of the lesion (Figs. 10-1 to 10-3). The current nonionic water-soluble agents used in myelography are associated with only mild side effects; significant adverse reactions, such as hallucinations, confusion, or seizures, occur rarely. The major disadvantages of myelography are its invasive nature and lack of diagnostic specificity. The technique of myelography involves instillation of a contrast agent through either lumbar puncture or lateral C1–C2 puncture. Adequate visualization of spinal structures depends on pooling of a sufficient amount of contrast agent in the region of interest.
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Figure 10-1 Extradural disease on myelography. Oblique view of a cervical myelogram via C1–C2 puncture shows marked cutoff of the exiting C6–C7 roots and effacement of the thecal sac by an extradural defect (arrow). Although the root deformity is well defined, the underlying disc herniation is not.
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Figure 10-2 Intradural extramedullary disease on myelography. Lateral view of the thoracolumbar junction after instillation of intrathecal contrast material shows displacement of the cord by an intradural extramedullary lesion, which is capped by contrast material inferiorly (arrow), with expansion of the cerebrospinal fluid space.
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Figure 10-3 Intramedullary disease on myelography. A, Anteroposterior view of the thoracolumbar junction after instillation of an intrathecal contrast agent via C1–C2 puncture shows marked expansion of the conus medullaris and proximal cauda equina by an intramedullary mass. B, Transverse CT scan after myelography better demonstrates the degree of expansion of the conus. At surgery, an ependymoma was found.








Accuracy rates for water-soluble nonionic cervical myelography in the diagnosis of nerve root compression range between 67% and 92%. Because the diagnosis of extradural neural compression is indirectly inferred by changes in the contour of the contrast-filled subarachnoid space, the exact nature of the compressing lesion may be uncertain. Central indentation of the contrast agent column at the level of the disc space may be due to compression either by the disc itself or by marginal osteophytes. Similarly, incomplete filling of a nerve root sleeve may be due to either lateral disc herniation or bony foraminal narrowing; the distinction is sometimes difficult to make without the use of ancillary diagnostic methods such as postmyelographic CT.














Computed Tomography


CT scanning permits direct visualization of potential neural-compressing structures and provides better visualization of lateral pathologic entities, such as foraminal stenosis. CT can also distinguish neural compression by soft tissue from compression by bone. CT scanning is still relatively limited, compared with MR imaging, for visualizing the neural structures below a complete myelographic block. Disadvantages of CT scanning include the effects of partial volume averaging, streak artifacts caused by the dense bone of the shoulder girdle, and changes in the configuration of the spine between successive motion segments. Many of the limitations can be obviated by obtaining multiple thin sections (1.5 to 3 mm) with the gantry tilted to permit imaging parallel to the plane of the disc. Greater accuracy is obtained by routinely imaging the spine with CT after the introduction of water-soluble contrast agents (intrathecal contrast-enhanced CT) (Figs. 10-4 and 10-5).
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Figure 10-4 High-resolution CT myelogram reformations. A, Oblique reformatted image perpendicular to the exiting nerve rootlets demonstrates the bony neural foramina well with the use of 1-mm sections and a multirow detector CT. B, Reformatted image parallel to the exiting rootlets shows individual rootlets at multiple levels outlined by the intrathecal contrast agent.
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Figure 10-5 Lumbar disc herniation. Transverse CT section at the L4–L5 level shows a well-defined soft tissue structure within the anterior and right lateral epidural space that is effacing the thecal sac, a finding indicative of disc herniation.




















Magnetic Resonance Imaging


















Protocols.


Designing specific imaging protocols for evaluation of the spine involves the consideration of many variables. A careful balance must be reached between disease sensitivity or image quality and patient throughput, because optimization of one of these factors often adversely affects attainment of the other. For the great majority of patients who undergo evaluation for suspected degenerative disease, sagittal spin echo T1-weighted and fast spin echo (FSE) T2-weighted images and transverse T1-weighted images will suffice. If contrast between the disc and cerebrospinal fluid is inadequate on the transverse images, an FSE T2-weighted transverse study may be useful. If the patient has a history of previous low back surgery, a gadolinium-based contrast agent such as diethylenetriamine pentaacetic acid (Gd-DTPA) is administered intravenously, and T1-weighted sagittal and transverse images are included, the latter of which may be obtained with fat suppression. Patients with possible vertebral osteomyelitis can undergo the routine study noted earlier. If the study shows an area that suggests disc space infection, T1-weighted sagittal and transverse images obtained after intravenous gadolinium administration are often helpful in defining the extent of disease and characterizing epidural inflammatory involvement.














Gradient Echo.


For images with a transverse orientation, low flip angle two- or three-dimensional gradient echo (GE) sequences producing “myelographic” contrast are a reasonable baseline standard of comparison, as long as it is acknowledged that these sequences were developed to detect disc herniations and generally perform relatively poorly in detecting intramedullary cord lesions. The advantages of these sequences over T2-weighted spin echo scans when used for transverse imaging are speed, resolution, slice coverage, and suppression of cerebrospinal fluid flow and other motion artifacts. Three-dimensional versions of GE scans are available that have both “myelographic” and T1-weighted image contrast; they produce favorable image quality, sampling speed, resolution, and multiplanar reconstruction.














Fast Spin Echo.


In routine spin echo imaging, image contrast is controlled by adjustments in TR and TE. New parameters were added with FSE, such as echo train length and echo spacing, which can be manipulated to alter image contrast. New artifacts and appearances are also created by these techniques, such as T2 filtering (imaging blurring), bright (i.e., high-signal-intensity) fat, and diminished sensitivity to susceptibility effects. Because multiple echoes are obtained at different TEs in the FSE sequence, the overall image has not one true TE but an effective TE.














Fluid-Attenuated Inversion Recovery.


FSE is the gold standard for sagittal T2-weighted and spin density-weighted spinal imaging, driven primarily by the overall image quality and time savings associated with the technique. Other sequences are available, however, with unique image contrast that can be useful for intramedullary (cord) disease. For cord disease, the primary sequence goal is contrast, with resolution assuming much less importance. Fluid-attenuated inversion recovery (FLAIR) is a spin echo sequence that uses a long inversion time to suppress the signal from cerebrospinal fluid. This pulse, when coupled with a long TR/TE, gives the benefits of a T2-weighted image without the interference of high signal from cerebrospinal fluid. FLAIR has been used with considerable success for the evaluation of a wide variety of intracranial disorders. The application of FLAIR in the assessment of the spinal cord has not been as straightforward as its application in the assessment of the brain, and a conservative interpretation of relevant reports suggests that FLAIR should not be used to evaluate spinal cord disease.














Short Tau Inversion Recovery.


Short tau inversion recovery (STIR) methods have shown high sensitivity for musculoskeletal disease as a result of the synergistic effects of prolonged T1 and T2 times in abnormal tissue, coupled with the improved contrast-to-noise ratio with fat suppression. STIR (especially fast STIR) images may also be used for the diagnosis of intramedullary disease. Fast STIR sequences may be best for detecting multiple sclerosis lesions and may demonstrate lesions missed with other more routine techniques, such as FSE. Overall image quality tends to be rather noisy, but an advantage is its high contrast-to-noise ratio. This technique appears to be very useful for cervical cord disease, but it is prone to motion artifact and has shortcomings in the evaluation of thoracic cord disease.














Cerebrospinal Fluid Myelogram Effect.


Evaluation of the neural foramina for osteophytes or lateral disc herniation by two-dimensional imaging is best accomplished in the transverse plane. Sequences that lead to high signal intensity of cerebrospinal fluid are generally preferred, because visualizing low-signal-intensity ligaments or osteophytes on T1-weighted imaging in which such fluid is of low signal intensity creates a diagnostic problem. The partial flip angle GE technique for the detection of cervical disc disease uses a small flip angle (3 to 8 degrees) and provides the best contrast among disc, cord, and cerebrospinal fluid.














Artifacts.


Stainless steel implants are known to generate substantial metal artifact with MR and CT techniques. On CT, metal causes severe x-ray attenuation (missing data) in selected planes. These missing data, or hollow projections, cause classic “starburst” or streak artifacts during image reconstruction (Fig. 10-6). Materials with lower x-ray attenuation coefficients (plastic < titanium < tantalum < stainless steel < cobalt chrome) produce fewer artifactual distortions. Software strategies for artifact reduction exist, and thin-section spiral imaging has shown improvement over conventional discrete slices.
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Figure 10-6 Metal artifact with CT scanning. Transverse scan at the L3 level shows a mild amount of streak artifact from the right-sided posterior rod, as well as from the tips of the pedicle screws within the vertebral bodies. Nevertheless, the thecal sac is well defined, as are the roots of the cauda equina after intrathecal contrast administration.








MR imaging in the presence of stainless steel, though safe, leads to severe artifacts, especially if the steel has a low nickel content. When metal is placed in an imaging field, artifacts are produced by differences in the magnetic susceptibility of the metal and adjacent tissue. Magnetic susceptibility is the phenomenon by which material becomes partially magnetized in the presence of an applied external magnetic field, and nonferromagnetic metals may produce local electrical currents induced by the changing magnetic field of the scanner. When tissues with greatly different magnetic susceptibility are placed within a uniform magnetic field, the difference in susceptibility causes distortion in the magnetic field, which results in distortion on the MR image. A number of strategies can be used to reduce susceptibility artifacts on MR imaging, including the use of spin echo techniques, especially FSE and its variants, over GE; larger fields of view; higher readout bandwidths; smaller voxel sizes; and appropriate geometric orientation of the frequency-encoded direction in relation to metallic objects. Imaging at lower field strength also reduces susceptibility artifact but is not an operator-selectable parameter in routine practice. Geometric orientation of the metallic object with respect to the magnetic field is especially important in the case of pedicle screws (Fig. 10-7). Less apparent widening of the short axis of screws is seen when the direction of the frequency-encoded gradient is parallel as opposed to perpendicular to the long axis of the screw.
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Figure 10-7 Metal artifact with MR imaging. A, Transverse T1-weighted spin echo MR image with the frequency-encoded direction extending from right to left shows the greatest amount of distortion in that direction; the distortion is obscuring the boundary of the thecal sac. B, Transverse T1-weighted spin echo MR image, now with the frequency-encoded direction extending in an anteroposterior direction, shows minimal artifact.






































Spinal Angiography


Spinal angiography is no longer used for the initial assessment of spinal column disease, given the power of MR imaging and CT. Spinal angiography is extremely useful in evaluating spinal vascular malformations, both for delineation of vascular supply and for therapeutic treatment (Fig. 10-8). Spinal angiography is also used in the pretherapeutic workup of suspected vascular neoplasms involving the vertebral bodies, posterior elements, and spinal canal and is coupled with preoperative or palliative embolization.
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Figure 10-8 Spinal arteriovenous malformation. Antero-posterior view of the thoracic spine after injection of the left intercostal artery at the T7 level shows a markedly enlarged anterior spinal artery with a typical “hairpin” turn (artery of Adamkiewicz). The artery is supplying an intramedullary arteriovenous malformation that was of the glomus type histologically.




















Discography


Discography was originally conceived as a technique for the study of disc herniation. Today, it is considered a useful but limited test that relies on pain provocation to determine the anatomic source of a patient’s symptoms. By one definition, discography is a physiologic evaluation of the disc that consists of volumetric, manometric, and radiographic studies plus a pain provocation challenge. This procedure remains quite controversial and has generated voluminous literature. Discography is an invasive procedure and is not performed as a screening technique. The main complication associated with this technique is disc space infection. The risk of discitis is on the order of 0.1% to 0.2%; therefore, a prophylactic broad-spectrum antibiotic is often administered.





















ANATOMY



Vertebrae





As a person ages, red (hematopoietic) marrow is gradually replaced by yellow (fatty) marrow, so that the signal intensity of the vertebral bodies gradually increases from low-intermediate to high on conventional T1-weighted spin echo images. The posterior elements generally contain sufficient marrow to approximate the signal intensity of the vertebral bodies. Often, focal fatty deposits are seen in the vertebral body marrow as rounded regions of high signal intensity on T1-weighted spin echo images. These deposits are of no clinical significance. The basivertebral veins are well seen on midsagittal images. Their signal intensity depends on the pulse sequence, rate of venous flow, amount of perivenous fat, and presence of flow displacement or chemical shift artifact.








Intervertebral Discs


The intervertebral disc is composed of three parts: cartilaginous endplate, anulus fibrosus, and nucleus pulposus. The height of the lumbar disc space generally increases as one progresses caudally. The anulus fibrosus consists of concentrically oriented collagenous fibers that serve to contain the central nucleus pulposus. These fibers insert into the vertebral cortex via Sharpey’s fibers and also attach to the anterior and posterior longitudinal ligaments. The normal contour of the posterior aspect of the anulus fibrosus is dependent on the contour of its adjacent endplate. Typically, the contour is slightly concave on MR images in the transverse plane, although at L4–L5 and L5–S1, these posterior margins are commonly flat or even convex. A convex shape on transverse MR images alone should not be interpreted as degenerative bulging. Within the nucleus pulposus, T2-weighted sagittal images often reveal a linear hypointense region coursing in an anteroposterior direction—the intranuclear cleft. This region of more prominent fibrous tissue should not be interpreted as intradiscal gas or calcification.














Spinal Canal


The spinal canal surrounds the epidural space and the thecal sac and its contents. The epidural space contains epidural veins, fat, and the proximal spinal nerve root sleeves. The thickness of the epidural fat gradually increases at more caudal levels. The thecal sac contains the cord, nerve roots, and cerebrospinal fluid. Each spinal nerve consists of a dorsal and ventral root. In the lumbar spine, the rootlets are typically loosely clustered posteriorly on transverse MR images and gradually course anterolaterally to enter their respective root sleeves as one progresses caudally. On sagittal images, the roots of the cauda equina occasionally appear clumped, which may falsely suggest the presence of arachnoiditis or a tethered cord. Evaluation of the transverse MR images can prevent this misinterpretation.














Intervertebral Foramina


The lumbar intervertebral foramen is shaped like an upside-down pear that is bordered anteriorly by the posterior aspect of the vertebral body and intervertebral disc, posteriorly by the superior and inferior articular processes, and craniocaudally by the pedicles. The nerve roots and dorsal root ganglia, along with small arteries and veins, exit through the foramen in the wider upper portion. The lumbar spinal nerves are numbered in a fashion corresponding to the pedicle above. A 5-mm segment of the spinal nerve immediately distal to the large, solid-appearing dorsal root ganglia normally appears as numerous small fascicles interspersed with fat. Distal to these fascicles, the ventral roots appear as two small ovoid structures.





















DEGENERATIVE DISEASES



Natural History and Usefulness of Imaging





Back pain is not indicative of a single disorder, and the prognosis of such pain is variable even within clinically homogeneous subgroups (e.g., those with positive straight leg-raising tests). With conservative care, 67% of patients report good outcomes after 7 weeks, and 71% are satisfied with their condition 1 year later. Total remission of back pain is achieved in substantially less than 50% of patients within 1 month, and by 3 months, 40% of patients are still experiencing some discomfort. In general, the course of back pain seems to be characterized by variability and change rather than predictability and stability.


Low back pain with radiculopathy is characteristic of a group of patients with disorders that are less diverse, because the symptoms suggest nerve root compression, often sciatica. Although most patients improve with conservative management, many—up to 20%—experience poor outcomes at 1 year. Fifty percent to 70% of patients recover within 6 weeks, and at 1 year, 60% to 90% have achieved good recovery with conservative treatment. Numerous authors suggest that an imaging study is indicated in the evaluation of a patient with sciatica when (1) true radicular symptoms are present, (2) evidence of nerve root irritation is noted on physical examination (i.e., positive straight leg raising test), and (3) “conservative management” of 4 to 6 weeks’ duration has failed.


Any study investigating the prognostic value of morphologic changes in the intervertebral disc will be confounded by the high prevalence of similar changes in the asymptomatic population. In general, studies have demonstrated that many morphologic or pathologic findings have enhanced signal intensity after intravenous gadolinium administration, including peridiscal scar tissue, annular tears, the intervertebral disc itself, and nerve roots. However, most of these reports have not correlated such enhancement with signs and symptoms or outcome. For instance, nerve root enhancement has been described in association with nerve root compression, but it has been difficult to correlate these changes with clinical symptoms. The significance of the findings is further complicated by the observation that normal nerve roots can be enhanced with high doses of contrast medium.


Studies of the usefulness of qualitative assessment of the morphologic features of herniated discs in the spinal canal have had mixed results. In some cases, they have not proved helpful in predicting outcomes in patients with low back pain and sciatica and have not correlated well with clinical signs and severity of symptoms. All these studies leave unanswered the question of the significance of the observed morphologic abnormalities and fail to adequately explain the role that disc herniation plays in the symptomatic population. In fact, the commonly held belief that nerve root compression on imaging studies is a criterion for surgery has not been borne out.








Disc Degeneration


Irrespective of the various theories proposed to explain its cause, degeneration of the intervertebral disc initiates a complex cascade of morphologic and biochemical changes. These changes may ultimately lead to one or a combination of four morphologic abnormalities: disc degeneration and its sequelae, spinal stenosis, facet arthrosis, and malalignment and instability.


With aging and degeneration come gradual narrowing of the disc space and loss of the normal high intradiscal signal intensity on T2-weighted MR images. As degeneration progresses, small fluid-filled fissures, or cracks, may develop and appear as intradiscal areas of linear high signal intensity on T2-weighted images. Gas and calcification can also develop within a degenerating disc. In addition to these changes, vertebral marrow signal abnormalities adjacent to the degenerating disc are commonly seen. These changes are divided into three types. Type I endplate change is manifested as decreased marrow signal paralleling the endplate or endplates on T1-weighted images and increased signal intensity on T2-weighted images (Fig. 10-9). These changes reflect replacement of normal fatty marrow with fibrovascular marrow, which has greater water content. Type II endplate changes are slightly more common than type I changes and demonstrate increased signal on T1-weighted images and isointense to slightly increased signal on T2-weighted images (Fig. 10-10). Histologically, this finding correlates with fatty marrow replacement. These changes may be preceded by type I changes, and the changes often exist in combination at the same level or different levels. Type III endplate changes demonstrate decreased marrow signal on both T1- and T2-weighted images, a finding that correlates with endplate sclerosis seen radiographically (see Chapter 30).
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Figure 10-9 Type I vertebral endplates. Sagittal T1-weighted spin echo MR image (A) of the lumbar spine shows regions of low signal within the adjacent endplates at the L4–L5 level. These regions have increased signal intensity on a sagittal T2-weighted image (B). The L4–L5 intervertebral disc is degenerated, with a decrease in disc space height and loss of disc signal in (B). Note the recurrent disc herniation at this level.
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Figure 10-10 Type II vertebral endplates. Sagittal T1-weighted (A) and T2-weighted (B) spin echo MR images of the lumbar spine show signal intensity changes at the L4–L5 level that are typical of a type II endplate. The signal intensity of subchondral bone at this level is identical to that of fat. There is also evidence of degeneration of the intervertebral disc at this level, with a decrease in disc space height and loss of disc signal on the T2-weighted image.








No classification system for describing degenerative disc disease is universally accepted. A widely accepted method classifies discs as either normal, bulging, or herniated (Fig. 10-11). A bulging disc is one that extends in a diffuse fashion beyond the margin of the vertebral endplates. Annular bulges are extremely common, and most bulging discs show signal changes indicating underlying degeneration. Herniation is defined as localized displacement of disc material beyond the limits of the intervertebral disc space. Herniations are subclassified into disc protrusions, extrusions, and free (sequestered) fragments. A disc protrusion is a type of herniation in which nuclear material extends focally through a defect in the anulus fibrosus. The outer annular fibers remain intact. The ability of CT and MR imaging to define an intact or partially disrupted anulus is limited. A reasonable imaging definition of protrusion is a herniation that maintains contact with the disc of origin by a bridge as wide as or wider than any diameter of the displaced material. An extruded disc is a larger pattern of disc herniation that extends through the entire anulus. The extrusion remains attached to the parent nuclear material. A reasonable imaging definition of extrusion is a situation in which the diameter of the disc material beyond the interspace is wider than the bridge, if any, that connects it to the disc of origin. A free (sequestered) disc fragment is an extrusion that is no longer contiguous with the parent disc. A free fragment may be located at the disc level or may migrate superiorly or inferiorly.
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Figure 10-11 Disc herniation. Sagittal T1-weighted (A) and transaxial T2-weighted (B) spin echo MR images show a large extrusion at the L5–S1 level that is extending into the anterior epidural space. Also note the type II degenerative changes of the endplate. The transverse image confirms the right-sided disc herniation, which is affecting the exiting right S1 root as well as the right lateral margin of the thecal sac.




















Spinal Stenosis


Spinal stenosis refers to narrowing of the central spinal canal, neural foramina, or lateral recesses. Most commonly it is acquired secondary to degenerative disease of the intervertebral disc, articular facets, or both structures, although developmentally shortened pedicles are an important component of symptomatic spinal stenosis in patients with otherwise mild degenerative changes (Figs. 10-12 and 10-13). MR imaging accurately depicts the degree and cause of thecal sac narrowing in patients with central canal stenosis. Such narrowing is most commonly related to bony and ligamentous hypertrophy.
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Figure 10-12 Severe bony central canal stenosis. Transverse CT image at the L3–L4 level demonstrates marked central canal stenosis related primarily to hypertrophic degenerative changes of the facet joints and their mass effect on the posterior margin of the thecal sac. Severe degeneration of the disc is manifested as a vacuum phenomenon.
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Figure 10-13 Lumbar canal stenosis. A, Sagittal T2-weighted fast spin echo MR image of the lumbar spine shows severe central canal stenosis at the L3–L4 and L4–L5 levels. This stenosis is related to a combination of bulging of the anulus fibrosus anteriorly and degenerative facet and ligamentous changes posteriorly. Note the tortuous nerve roots and intradural vessels superior to the site of canal stenosis. B, Transverse T2-weighted spin echo MR image confirms the severe nature of the canal stenosis, with nearly no recognizable thecal sac.








In addition to central canal stenosis, stenosis of the lateral recess is an important cause of lower extremity pain and paresthesias. The lateral recess is bordered anteriorly by the posterior aspect of the vertebral body and disc, laterally by the pedicle, and posteriorly by the superior articular facet. The root sleeve within the lateral recess is often compressed by bony hypertrophy of the superior facet, frequently in combination with disc bulging and osteophytes along the anterior border of the lateral recess.














Facet Disease


Degenerative disease of the facet joints typically occurs in combination with degenerative disc disease, although facet disease alone may be responsible for symptoms of pain and radiculopathy. Because of the richly innervated synovium and joint capsule, these changes alone can be a source of pain; alternatively, they can contribute to nerve root impingement by causing spinal stenosis or foraminal compromise. On MR images, degenerated facets appear hypertrophied, sclerotic, and irregular. Enlarged ligamenta flava are commonly present. Facet degeneration can lead to the formation of synovial cysts, which can compress the thecal sac and roots from a posterior direction. Synovial cysts are best depicted on transverse MR images and appear as posterolateral epidural masses adjacent to a degenerated facet, most commonly at the L4–L5 level (Fig. 10-14). Synovial cysts have somewhat variable signal characteristics secondary to modifications in the composition of the cystic fluid and to associated hemorrhage, calcification, or gas within the cyst.
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Figure 10-14 Lumbar synovial cyst. Transverse T2-weighted fast spin echo MR image shows evidence of bilateral facet effusions at L5–S1, which appear as linear areas of high signal intensity within the apophyseal joints. More hetero-geneous areas of high signal intensity are also seen about the ligamentum flavum bilaterally. The area on the right side is larger than that on the left. These regions represent synovial cysts, which have led to severe central canal stenosis.




















Malalignment and Instability


The most frequently seen alignment abnormality is spondylolisthesis, which is defined as ventral slippage of a vertebra relative to the vertebra below. A commonly used classification system defines four grades of spondylolisthesis, with more than 90% of all cases being classified as grade I. The two most common causes of spondylolisthesis relate to bilateral defects in the pars interarticularis (isthmic or spondylolytic spondylolisthesis) and facet disease (degenerative spondylolisthesis) (Fig. 10-15).
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Figure 10-15 Degenerative spondylolisthesis. Sagittal reformatted image derived from transverse CT scans of the lumbar spine shows degeneration at the L4–L5 level with a vacuum phenomenon. A grade II spondylolisthesis at the L4–L5 level is due to osteoarthritis of the facet joints.








MR imaging is believed to be the most accurate method of diagnosing spondylolisthesis. However, detection of spondylolysis with MR imaging is more problematic, and it is generally agreed that routine radiography and CT are more reliable in this regard.














Cervical Radiculopathy and Myelopathy


The pathogenesis of cervical radiculopathy and myelopathy is cord impression from multiple morphologic changes related to degenerative disease. These causes include abnormalities of the osseous and soft tissue structures surrounding the cord; disc degeneration with bulging, herniation, or both; and hyperostosis with spondylotic bars (Fig. 10-16). As degenerative disc disease progresses and disc space height is lost, overriding of the structures about the uncovertebral joints may occur. Osteoarthritis of the facet joints produces osteophytes, which can contribute to canal and foraminal narrowing. Finally, the ligamentum flavum can hypertrophy and invaginate, contributing to canal narrowing in the cervical spine.
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Figure 10-16 Cervical spondylosis. Sagittal T1-weighted spin echo (A) and sagittal T2-weighted fast spin echo (B) MR images of the cervical spine demonstrate disc degeneration at essentially every cervical level, in addition to loss of disc space height and, in (B), diminished signal intensity. Severe central canal stenosis is related to both anterior disc herniation with osteophytes and posterior ligamentous hypertrophy at most of the cervical levels. A focal area of high signal intensity within the cord at the C5–C6 level reflects post-traumatic myelomalacia.








Areas of increased signal intensity on T2-weighted images within the cervical cord secondary to extradural compression reflect myelomalacia, gliosis, or demyelination and edema. Patients who have areas of abnormal signal within the cord tend to have worse clinical manifestations than do those with normal cord signal intensity.














Ossification of the Posterior Longitudinal Ligament


Ossification of the posterior longitudinal ligament (OPLL) is usually first noted in the upper regions of the cervical spine (C3–C4 or C4–C5) and then progresses inferiorly to involve the lower cervical levels and the upper portion of the thoracic spine. OPLL that is evident on plain films of the cervical spine is rare in asymptomatic North Americans and is seen in approximately 2% of the Japanese population. With clinical myelopathy, the frequency of OPLL increases to 20% to 23% in the United States and 27% in Japan. OPLL is discussed in detail in Chapter 32.




















POSTOPERATIVE COMPLICATIONS


Causes of early and delayed failure of surgical procedures of the lumbar spine are listed in Tables 10-1 and 10-2.




TABLE 10-1


Causes of Early Failure of Spine Surgery










	



Hematoma


Infection


Insufficient decompression of bony foraminal or central stenosis


Insufficient removal of disc herniation


Nerve root trauma


Unrecognized free disc fragment (sequestered)


Surgery at the wrong level
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TABLE 10-2


Causes of Delayed Recurrence of Low Back Pain, Sciatic Pain, or Both










	



Arachnoiditis


Epidural fibrosis (scar)


Facet degenerative disease


Instability (failed fusion or spondylolisthesis)


New disc herniation (different level from the one surgically treated)


Recurrent disc herniation (same level as the one surgically treated)


Pseudomeningocele


Spinal stenosis (lateral or central stenosis from postoperative bony overgrowth)


Vertebral osteomyelitis (disc space infection)
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Caution must be used in the interpretation of MR images acquired within the first 6 weeks after surgery. A large amount of tissue disruption with resultant edema may occur following surgery, and these morphologic changes may produce a mass effect on the anterior aspect of the thecal sac. MR imaging can be used in the immediate postoperative period for analysis of the thecal sac and epidural space to exclude significant postoperative hemorrhage, pseudomeningocele, or disc space infection at the laminectomy site. Small fluid collections are not uncommon in the posterior tissues after laminectomy. The distinction between small sterile postoperative fluid collections and infected collections cannot be made on the basis of MR imaging findings related to tissue morphology or signal intensity. Acute hemorrhage is typically characterized by isointensity to increased signal in the epidural space on T1-weighted images and diminished signal on GE or T2-weighted images. Very acute blood collections, however, may have different signal intensity characteristics.








Epidural Scar and Disc Herniation


The use of Gd-DTPA–enhanced MR imaging for the differentiation of scar tissue and disc material in the postoperative spine is well established. Epidural fibrosis consistently enhances immediately after the intravenous injection of contrast material (Fig. 10-17). In some cases, epidural scars have enhanced in patients more than 20 years after surgery, so the amount of time that has elapsed since surgery should not dissuade one from using intravenous contrast material in the postoperative state. Disc material does not enhance on early postinjection images because such material is avascular (Fig. 10-18). The addition of fat suppression to gadolinium-enhanced T1-weighted images improves the visualization of enhancing scar; this method aids in differentiating scar from recurrent herniated disc material and more clearly shows the relationship of scar to the nerve roots and thecal sac.
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Figure 10-17 Epidural scar. Transverse T1-weighted spin echo MR images obtained before (A) and after (B) intravenous injection of a gadolinium-containing contrast agent show homogeneously enhancing soft tissue (representing epidural fibrosis) along the right lateral and dorsal aspects of the thecal sac and surrounding the exiting right-sided L5 root. Evidence of enhancement can also be seen within the posterior aspect of the anulus fibrosus and is related to scarring at the site of surgical curettage (arrow).
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Figure 10-18 Recurrent lumbar disc herniation. This patient had undergone laminectomy at the L3–L4 and L4–L5 levels. Sagittal T1-weighted spin echo MR images obtained before (A) and after (B) intravenous gadolinium administration and a sagittal T2-weighted fast spin echo MR image (C) all demonstrate a large soft tissue mass within the anterior epidural space at the L4–L5 level contiguous with the disc space. This mass shows peripheral low signal intensity in (C) and patchy enhancement in (B). These findings indicate the presence of a recurrent disc herniation associated with a large amount of granulation tissue.




















Spinal Stenosis


Spinal stenosis related to osseous abnormalities has been implicated as a cause of failed back surgery in up to 60% of cases. Various mechanisms can lead to stenotic changes in the canal or foramina (Table 10-3). Many of these stenoses are not symptomatic.




TABLE 10-3


Mechanisms of Postoperative Spinal Stenosis










	



After facetectomy, bony overgrowth may compromise a lateral recess


After posterior fusion, late overgrowth of bone may extend into the posterior or lateral canals


After anterior fusion, a piece of bone may extend into the canal or foramen


After discectomy, narrowing of the space between two contiguous vertebral bodies may allow sufficient overriding of the articular facets to decrease the size of the recesses or foramina


Postoperative spondylolisthesis may produce focal stenosis
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Arachnoiditis


Arachnoiditis can be classified into three categories, or patterns, and this method of classification can be applied to MR imaging, CT, and myelography. The first pattern is one of central adhesion of the nerve roots within the thecal sac, leading to a central “clump” of soft tissue signal. This pattern is most easily identified on transverse images. The second pattern is adhesion of the nerve roots to the meninges, which gives rise to an “empty” thecal sac. In the third pattern, which can be considered the end stage of the inflammatory response, arachnoiditis appears as an inflammatory mass that fills the thecal sac. On myelography, this type of arachnoiditis gives rise to a spinal block with an irregular “candle-dripping” appearance. MR imaging shows a nonspecific-appearing soft tissue mass, as does CT-myelography (Figs. 10-19 and 10-20).




[image: image]


Figure 10-19 Arachnoiditis. Transverse T1-weighted spin echo MR images show findings of type I arachnoiditis (A), including central clumping of the nerve roots within the thecal sac, and type II arachnoiditis (B), with peripheral clumping of the nerve roots along the margins of the thecal sac.
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Figure 10-20 Arachnoiditis (type III). Transverse CT image obtained after intrathecal contrast administration (A) and sagittal reformatted CT image (B) show a soft tissue mass filling the thecal sac at the L3 level and below. More superiorly, at the level of L2 (as in A), peripheral clumping of the nerve roots is evident.



























INFECTION



Epidemiology





Sources of the bacterial seeding that causes vertebral osteomyelitis include genitourinary, dermal, and respiratory infections. In children, the bacteria (or other microorganisms) find their way to the vascularized disc, and subsequent disc destruction causes a loss of disc space height. As the infection spreads to the adjacent vertebral endplates, routine radiographs show characteristic irregularity of bone. Hematogenous spread also occurs in adults, even though the disc has lost a great deal of its vascularity. The seeding of microorganisms occurs in the vascularized endplate, with the disc and opposite endplate becoming infected secondarily.


Because radiographic abnormalities are usually delayed for days to weeks, radionuclide studies have been the traditional imaging method for the early diagnosis of vertebral osteomyelitis. The radionuclides most commonly used to detect inflammatory changes of the spine are technetium-99m–labeled phosphonates, gallium citrate, and indium-111–labeled white blood cells. Indium-111 has several advantages over the other radionuclides, including higher target-to-background ratios, better image quality (compared with gallium), and more intense uptake by abscesses. Its main disadvantage is its accumulation within any inflammatory lesion, whether infectious or not. MR imaging appears to have a sensitivity that exceeds that of radiographs and CT and approaches or equals that of radionuclide studies. T1-weighted spin echo images can detect the increased water content or marrow fluid seen with inflammatory exudates or edema. Like most pathologic processes, disc space infection or vertebral osteomyelitis results in increased signal intensity on T2-weighted images. The diagnostic specificity of MR imaging is provided by the signal intensity changes on T1- and T2-weighted images, as well as by the anatomic pattern of disease involvement and the appropriate clinical data.








Pyogenic Disc Space Infection


On T2-weighted images, the normal intervertebral disc usually shows increased signal intensity within its central portion, that is bisected by a thin horizontal line of decreased signal, termed the intranuclear cleft. After age 30 years, the cleft of normal intervertebral discs is seen almost universally. On T1-weighted MR images, disc space infections typically produce decreased signal intensity of the adjacent vertebral bodies and the involved intervertebral disc space. A well-defined vertebral endplate cannot be defined. T2-weighted images show increased signal intensity in the vertebral bodies adjacent to the involved disc and an abnormal morphology and increased signal intensity in the disc itself, with absence of the normal intranuclear cleft.


Approximately 95% of infected disc spaces are associated with typical vertebral body changes on T1-weighted images, and 90% have increased “nonanatomic” signal of the disc on T2-weighted images. However, only slightly more than half demonstrate increased signal of the vertebral bodies on T2-weighted images. When faced with the typical T1-weighted changes in the vertebral body and disc and T2-weighted changes in the signal intensity of the intervertebral disc, the absence of increased vertebral body signal on T2-weighted images should not dissuade one from considering the diagnosis of discitis with associated vertebral osteomyelitis (Fig. 10-21). The typical disc space infection presents no problem in diagnosis, provided that both T1- and T2-weighted images are obtained. However, atypical disc space infections do exist.
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Figure 10-21 Disc space infection. Sagittal T1-weighted spin echo MR image (A), sagittal T2-weighted fast spin echo MR image (B), and sagittal T1-weighted spin echo MR image obtained after intravenous gadolinium administration (C) demonstrate loss of the endplate margins at the L3–L4 level, associated with high signal within the adjacent vertebral bodies in (B) and enhancement of signal intensity within the disc space itself in (C). These findings are consistent with a pyogenic disc space infection. An epidural phlegmon is seen as a mass of homogeneously enhancing tissue posterior to the L3 vertebral body that is effacing the thecal sac.








On routine radiographs and radionuclide studies, severe degenerative changes of the intervertebral disc can produce alterations similar to those seen in vertebral osteomyelitis. The disc space itself, however, is always distinct from the adjacent vertebral body endplate on T1-weighted images. Also, the degenerative disc almost always shows decreased signal on T2-weighted images, whereas inflammation shows high signal intensity in the involved intervertebral disc. In a postoperative spine, the triad of intervertebral disc space enhancement, annular enhancement, and vertebral body enhancement after intravenous gadolinium administration suggests the diagnosis of disc space infection when correlated with appropriate laboratory findings, such as an elevated erythrocyte sedimentation rate.














Abscess


Risk factors for the development of epidural abscess include altered immune status (e.g., diabetes mellitus), renal failure requiring dialysis, alcoholism, and malignancy. Although intravenous drug abuse is a risk factor for epidural abscess, human immunodeficiency virus infection does not appear to play a role in the overall increasing incidence of the disease. Staphylococcus aureus, the organism most commonly associated with epidural abscess, is responsible for approximately 60% of cases. Clinical symptoms classically include back pain, fever, obtundation, and neurologic deficits. Chronic cases are associated with less pain and no elevated temperature.


The primary diagnostic method in the evaluation of epidural abscess is MR imaging. MR imaging of an epidural abscess demonstrates a soft tissue mass in the epidural space with tapered edges and an associated mass effect on the thecal sac and cord (Fig. 10-22). Epidural masses are usually isointense to the cord on T1-weighted images and have increased signal intensity on T2-weighted images. The patterns of Gd-DTPA enhancement of an epidural abscess include (1) diffuse and homogeneous enhancement, (2) heterogeneous enhancement, and (3) thin peripheral enhancement. Gd-DTPA–enhanced imaging is a useful adjunct for identifying the extent of a lesion when the noncontrast MR images provide equivocal results regarding the activity of an infection. Leptomeningeal infections in the lumbar spine are often secondary to spread from an intracranial source. Intravenous gadolinium administration is essential in suspected cases and shows irregular or linear intradural enhancement.
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Figure 10-22 Epidural abscess. A, Sagittal T1-weighted spin echo MR image is remarkable for subtle but abnormal signal located diffusely within the thecal sac. B, Sagittal T2-weighted fast spin echo MR image shows a lobulated mass of high signal intensity along the posterior epidural space and extending from the S1 to the T12 levels. C, These findings are confirmed on a sagittal T1-weighted spin echo MR image obtained after intravenous gadolinium administration by the demonstration of patchy and irregular enhancement within the extensive posterior epidural abscess.


























NEOPLASMS


Neoplasms involving the lumbar spine are classified by the precise site of involvement into one of three categories: intramedullary, intradural extramedullary, or extradural compartment.








Intramedullary Lesions


















Tumors.


The most common intramedullary neoplasms are the gliomas, principally astrocytomas and ependymomas. Ependymomas are cited as the most frequent intramedullary tumor in adults. Astrocytomas produce a focal enlargement and, occasionally, an exophytic growth involving the cord. Imaging demonstrates fusiform enlargement of the cord that extends over several segments, and T2-weighted MR images show increased signal intensity, reflecting both tumor and edematous cord.


Although ependymomas may involve any portion of the cord, they most frequently involve the conus medullaris and filum terminale. A typical appearance is that of an intradural extramedullary mass involving the filum terminale and cauda equina, although the tumor can appear as fusiform enlargement of the cord itself. Cervical intramedullary tumors may be seen in patients with neurofibromatosis type 2. These tumors typically enhance following intravenous gadolinium administration and may have intratumoral cysts.














Inflammatory Myelopathy.


The various causes of inflammatory myelopathies are legion and include multiple sclerosis, postviral demyelination, viral infection, pyogenic infection, and granulomatous disease. The archetypal inflammatory lesion is multiple sclerosis. In this disease, abnormalities in the spinal cord lead to severe motor disability, yet imaging of the spinal cord has always been subordinate to imaging of the brain in clinical investigations of multiple sclerosis. Most focal plaques are less than two vertebral body lengths in size, occupy less than half the cross-sectional diameter of the cord, and are characteristically peripherally located. Approximately 60% to 75% of spinal cord lesions in multiple sclerosis are present in the cervical region, and more than half of patients with multiple sclerosis and cord plaques have multiple plaques. Of patients with cord plaques, 90% have intracranial plaques as well.














Vascular Abnormalities.


The main arteries that supply the spinal cord include the single anterior spinal artery and the paired posterior spinal arteries. These arteries are contiguous along the longitudinal length of the cord. Contributions from radiculomedullary arteries occur at multiple levels, with the best known and largest being the artery of Adamkiewicz. Cord infarction can be caused by a variety of abnormalities, but it often relates to embolic disease such as that occurring after aortic aneurysm repair. MR findings are nonspecific in many of these vascular abnormalities but include high signal intensity on T2-weighted images. Cord enlargement can sometimes be seen on T1-weighted images. Focal atrophy of the cord is a late finding.
































Intradural Extramedullary Lesions


Intradural extramedullary neoplasms are the largest single group of primary spinal neoplasms and account for approximately 55% of all primary spinal tumors. The great majority of these tumors are benign, with nerve sheath tumors and meningiomas being the most common lesions. Nerve sheath tumors are the most frequent intraspinal tumors and are histologically divided into two types: schwannomas (also known as neuromas, neurinomas, and neurilemomas) and neurofibromas. Most intraspinal nerve sheath tumors are solitary schwannomas, whereas neurofibromas are almost always associated with neurofibromatosis type 1. Patients with neurofibromatosis type 2, however, more commonly have multiple schwannomas rather than neurofibromas. Nerve sheath tumors are easily recognized on MR imaging as typically isolated, well-circumscribed, solid masses of intermediate signal intensity on T1-weighted images, surrounded by low-signal cerebrospinal fluid. On T2-weighted images, they have variable signal intensity. Schwannomas are more vascular and undergo cystic degeneration, necrosis, and hemorrhage more commonly than do neurofibromas. A variety of local osseous changes, consisting mainly of smooth bony remodeling or foraminal enlargement, is common. Enhancement following intravenous gadolinium administration is almost always present, but the pattern is variable.


Meningiomas most commonly occur in the thoracic spine. As is the case intracranially, these tumors have a female sex predilection, and the lesions occur in a slightly older age group compared with nerve sheath tumors. The great majority are entirely intradural and are typically isointense to the neural elements on T1- and T2-weighted images. Meningiomas enhance intensely after Gd-DTPA administration, which may allow demonstration of the typical broad dural base.


The last category of intradural extramedullary lesions is the so-called leptomeningeal pattern, which includes leptomeningeal metastatic disease and benign granulomatous processes such as sarcoid and tuberculosis. The litany of tumors that may seed cerebrospinal fluid is long, but the main offenders are cranial ependymomas, glioblastomas, and medulloblastomas (especially in the pediatric population). It must be remembered that the overall sensitivity of MR examination is low in patients with proven histologic evidence of neoplastic seeding, so aspiration and study of the cerebrospinal fluid remain the gold standard.














Extradural Lesions


Primary and secondary tumors in the extradural space are well evaluated by both MR imaging and CT. Metastatic disease to the spine is by far the most common type of extradural tumor. Because of its high contrast sensitivity and spatial resolution, MR imaging is the examination of choice for the detection of osseous metastases. Tumor replacement of fatty marrow is depicted on T1-weighted images as focal or diffuse areas of low signal intensity, and such depiction occurs much earlier than can be achieved with plain radiography or bone scintigraphy. Because many metastatic tumors enhance, the routine use of contrast-enhanced studies alone (i.e., without fat suppression) is not recommended; the resulting signal intensities of metastases and normal marrow fat are similar, occasionally to the point of masking even large metastatic lesions.





















TRAUMA



Cervical Spine





Radiographs remain the initial study for screening or “clearing” the cervical spine in cases of trauma. The number of views considered adequate for a trauma series varies between three and five (anteroposterior, lateral, and open-mouth odontoid views, with or without supine right and left oblique views). A single lateral view is inadequate, and all seven cervical vertebrae must be visualized. Radiographs are also of primary importance in defining spinal instability in patients with persistent pain or soft tissue swelling but without a definite fracture on the initial plain film evaluation.


CT is indicated in the evaluation of the traumatized cervical spine to further assess definite or possible fractures revealed on plain films and to evaluate areas inadequately seen on plain films. Some studies recommend CT as the primary screening method in patients with multiple areas of spinal trauma. MR imaging allows direct visualization of post-traumatic cord abnormalities that cannot be defined by any other imaging method, and it can define intramedullary hematoma, intramedullary edema and contusion, disc herniation, ligamentous injury, and epidural hemorrhage. Traumatic injuries are discussed in detail in Chapter 58.








Thoracolumbar Spine


The main area of involvement in the injured lumbar spine is the thoracolumbar junction, which acts as a fulcrum for spine motion and is susceptible to unstable traumatic injuries. The thick, sagittally oriented facets minimize rotational injury, but injuries related to flexion and transverse loading often occur. The forces may combine to produce flexion-compression injuries or the so-called burst fracture. CT remains the method of choice for detecting retropulsed bony fragments and for demonstrating fractures of the posterior elements. A hyperflexion injury occurring in the lumbar spine—the seat-belt or Chance fracture—is associated with motor vehicle accidents involving rapid deceleration. This type of injury is characterized by a horizontal fracture through both the anterior and posterior elements.


Although CT is more sensitive than MR imaging in detecting post-traumatic bony abnormalities, the latter is often superior for evaluating injured soft tissue structures. In particular, the disrupted spinal ligaments show focal discontinuity on T1-weighted images and areas of increased signal intensity on T2-weighted images. The anterior and posterior longitudinal, flaval, interspinous, and supraspinous ligaments can all be evaluated, often most favorably in the sagittal plane. Sagittal and transverse images allow the detection of retropulsed bony fragments and narrowing of the spinal canal. MR imaging excels in the detection of cord compression resulting from bony fragments (see Chapter 58).














Epidural and Subdural Hemorrhage


Epidural spinal hematomas occur most frequently in the elderly, but they can occur at any age. Clinically, sudden back or neck pain develops that may be radicular in nature. Signs of cord compression can develop immediately or within days. Epidural spinal hematomas are broadly classified into two groups: nonspontaneous and spontaneous. Nonspontaneous epidural spinal hematomas may result from spinal taps, spinal anesthesia, trauma, pregnancy, bleeding diathesis, anticoagulant therapy, spinal hemangioma, vascular malformation, hypertension, and neoplasm. The history is often revealing, but it may consist of merely an episode of sneezing, bending, voiding, turning in bed, or mild trauma. Epidural spinal hematomas can be localized or can spread anywhere along the spinal column (Fig. 10-23).
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Figure 10-23 Epidural hematoma. Sagittal T1-weighted spin echo MR image (A) shows an indistinct margin between the spinal cord and cerebrospinal fluid from the C3 level to the upper thoracic spine. A suggestion of a posterior epidural lesion can be seen on this image, but the lesion is better appreciated on a sagittal T2-weighted fast spin echo MR image (B). The signal intensity of the acute hematoma is nearly isointense to the cord in (A) and high in (B).








Subdural hemorrhage is capable of producing severe and irreversible neurologic deficits, and acute surgical intervention may be needed. Subdural spinal hematomas often have a typical configuration. As opposed to epidural hematomas, which tend to be capped by fat, subdural hematomas are located within the thecal sac and are separate from the adjacent extradural fat and the posterior elements of the vertebral bodies (Fig. 10-24). Transverse images are useful in defining the epidural fat surrounding the thecal sac and in delineating the blood in the interior of the sac in subdural hematomas. Subdural hematomas should not extend into the neural foramina; such extension is more typical of an epidural hematoma. Acute hemorrhage can be fairly isointense on T1-weighted images but, over a few days, shows high signal on T1-weighted images. T2-weighted spin echo or GE images are important in the clinical setting of hemorrhage and show heterogeneous low signal intensity because of the presence of deoxyhemoglobin.
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Figure 10-24 Subdural hemorrhage. Sagittal (A) and transverse (B) T1-weighted spin echo MR images show the typical appearance of a subdural hemorrhage. High signal intensity reflects the presence of methemoglobin within the area of hemorrhage. The transverse image shows the “Mercedes Benz” sign, representing the three areas of subdural hemorrhage.


























CONGENITAL ABNORMALITIES


The most common minor congenital variation in the spine relates to the orientation of the facet joints, which may vary from one spinal level to the next or, at the same level, from one side of the body to the other. This arrangement is called facet tropism. The next most common minor congenital variation is an altered number of mobile lumbar segments, the so-called transitional lumbosacral junction. This variant may be characterized by lumbarization of S1, which results in six lumbar-type vertebrae, or sacralization of L5, which produces four lumbar-type vertebrae. Partial sacralization (or lumbarization) of one side of the body may also occur. Partial sacralization (or hemisacralization) has been implicated as a cause of back pain, and this pain is thought to be secondary to increased stress at the L4–L5 spinal level. Congenital hypoplasia of the articular facets or other portions of the vertebra is also encountered (Fig. 10-25).
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Figure 10-25 Hypoplastic facet. Transverse T1-weighted spin echo MR image at the L5–S1 level shows a very small right facet. This hypoplastic facet has led to compensatory hypertrophy of the left facet.














Chiari Malformation


The Chiari type I lesion consists of caudal descent of the cerebellar tonsils. The Chiari type II malformation consists of caudal descent of the cerebellar vermis, fourth ventricle, and lower part of the brain stem and is almost always associated with a myelomeningocele. Type III Chiari malformation is an occipital encephalocele of the cerebellum, whereas a type IV lesion is cerebellar hypoplasia (and not herniation). Clinical symptoms in the type II lesion are varied, but brain stem symptoms develop in one third of patients with a myelomeningocele by 5 years of age.














Syrinx


Hydrosyringomyelia is a term used to describe cavitation of the spinal cord. Syringes are seen in approximately 50% to 75% of Chiari I malformations and 50% to 90% of Chiari II malformations. The terms syringomyelia and hydromyelia represent different entities, in that syringomyelia is a cystic lesion lined by glial cells, whereas in hydromyelia, the lining consists of ependymal cells that are in continuity with the central canal. Despite the lack of a comprehensive theory on the pathogenesis of spinal cord cystic cavities, a unifying theme among all the hypotheses put forth to date is the presence of dissecting and moving cerebrospinal fluid shifts.














Myelomeningocele


Myelomeningocele, the most common form of spinal dysraphism, is characterized by overexpansion of the subarachnoid space, with herniation of neural tissue through a large bony defect dorsally. The cord is tethered at the defect or site of other structural anomalies. Clinically, patients have weakness and paralysis of the lower extremities and a neurogenic bladder. Myelomeningocele is associated with a Chiari II malformation in 99% of cases and can result in hydrocephalus that requires shunting. Other associated anomalies include syringohydromyelia and duplication of the central canal (Fig. 10-26).
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Figure 10-26 Myelomeningocele. Sagittal T2-weighted fast spin echo MR images show a myelomeningocele at the lumbosacral junction. The course of the distal end of the cord, the position of the neural placode, and the location of the exiting dorsal and ventral roots that extend from the involved segment are all well demonstrated.




















Diastematomyelia


Diastematomyelia is a form of spinal dysraphism characterized by a partial or complete sagittal cleft of one or more segments of the spinal cord, conus medullaris, or filum terminale. Two hemicords are produced, with one central canal, one dorsal horn, and one ventral horn, each supplying the ipsilateral nerve roots. The term diastematomyelia refers to clefting of the cord, not necessarily the fibrous or bony spur. There is a female preponderance (80% to 94% of cases). The bone spur has an inconsistent appearance because it is formed in cartilage and ossifies variably throughout life. Most spurs form in the lower thoracic and lumbar spine. Ninety-one percent of hemicords reunite. Coronal imaging often best demonstrates the cleft, which may be missed on sagittal imaging. The pathognomonic bone finding in diastematomyelia is intersegmental laminar fusion (see Chapter 76).














Dorsal Dermal Sinus


A dorsal dermal sinus is a midline sinus tract lined by epithelium that extends inward from the skin surface for a variable distance. It may terminate in the subcutaneous tissues or extend deeper and communicate with the conus and cord. The epithelium lining the tract may also produce a dermoid or epidermoid in 30% to 50% of cases. Dorsal dermal sinus occurs most frequently in the sacrococcygeal region. Above this level, it extends into the spinal canal or cord. The sinus is seen with equal frequency in boys and girls. A hypopigmented patch or capillary angioma is usually associated with a skin dimple. Patients can present with signs of infection or of cord or nerve recompression from the intradural dermoid or epidermoid. The intraspinal portion of the tract may be very difficult to visualize with MR imaging.














Tumor


Intradural extramedullary congenital tumors in children include lipomas, dermoids, epidermoids, and teratomas. Epidermoid tumors should be considered in all cases of a dermal sinus. Acquired epidermoid tumors can result from implantation of epidermoid tissue iatrogenically by spinal needles. It has been estimated that 40% of intraspinal epidermoid tumors are iatrogenic in origin. Clinical features are variable and include back pain, radiculopathy, alteration in gait, and difficulty walking.





















MISCELLANEOUS DISORDERS



Meningeal Cyst





A confusing array of terms has been used for spinal meningeal cysts. Spinal meningeal cysts are congenital diverticula of the dural sac, root sheaths, or arachnoid and can be classified into three major types. Type I includes extradural cysts without spinal nerve roots, type II includes extradural cysts with spinal nerve roots, and type III consists of intradural cysts. Type I extradural meningeal cysts without roots are diverticula that maintain contact with the thecal sac by a narrow ostium (Fig. 10-27). This type includes extradural cysts, pouches, and diverticula, as well as the so-called occult intrasacral meningoceles. Type I sacral cysts are found in adults and are connected to the tip of the caudal thecal sac by a pedicle. Type II meningeal cysts with nerve roots are extradural lesions previously called Tarlov’s cysts, perineural cysts, or nerve root diverticula. These cysts are generally seen incidentally as multiple lesions but are occasionally associated with radiculopathy or incontinence. Type III meningeal cysts are intradural lesions most commonly found in the posterior subarachnoid space; they have been called arachnoid diverticula or arachnoid cysts. These cysts are lined by a single layer of normal arachnoid cells and are filled with cerebrospinal fluid.
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Figure 10-27 Type I (extradural) meningeal cyst. Sagittal T1-weighted spin echo (A) and T2-weighted fast spin echo (B) MR images show a well-defined mass with the signal intensity of cerebrospinal fluid. The mass is extradural in location in the midthoracic spine and is capped by epidural fat both superiorly and inferiorly. Flattening of the posterior margin of the thoracic cord is evident.
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CHAPTER 11


Interventional Spinal Procedures


Brian A. Howard, W. Bonner Guilford and James M. Coumas




SUMMARY OF KEY FEATURES


A number of spinal procedures are increasingly being used in patients with pain, deformity, or both. Radiologists, because of their familiarity with imaging techniques, are in a unique position to perform these procedures. Knowledge of regional anatomy and pathophysiology is fundamental to a successful outcome.
















INTRODUCTION


The cause and natural history of atraumatic mechanical spinal disease are perplexing. The anatomic sites most often responsible for spinal pain are the discs and the zygapophyseal joints (facet joints). Collectively, lumbar zygapophyseal joint pain, internal disc disruption, and sacroiliac joint pain account for nearly 70% of cases of chronic low back pain. Spinal muscles do not appear to be a source of persistent pain.


In symptomatic patients, the incidental age-related, reparative pathoanatomic tissue changes displayed by imaging need to be differentiated from surgically important neurocompressive or neuroirritative lesions. Screening of asymptomatic individuals with magnetic resonance (MR) imaging has shown the presence of disc abnormalities. These structural changes are found in almost 25% of patients younger than 60 years and in more than half of patients older than 60 years. The older group also demonstrates an increased frequency of multilevel disease. In asymptomatic persons, large compressive disc lesions are unusual. Nevertheless, clinical experience shows a high rate of spontaneous resolution of large disc lesions. When monitored by serial MR imaging, one third of disc extrusions disappear by 6 weeks, and two thirds by 6 months.


In adolescents, low back pain is common and episodic in nature, and pain and disability are transient. Persons with disc degeneration occurring soon after the phase of rapid physical growth have an increased risk of recurrent low back pain and also have a long-term risk of recurrent back pain in early adulthood. Imaging confirms that disc disease accompanying low back pain is a key prognostic factor in this age group. Increasing evidence suggests that vascular tissue plays a fundamental role in the pathogenesis of mechanical back pain. Mechanical injury induces an inflammatory response: local tissue reaction with induced endothelial proliferation, vascular dilatation and activation, and collagen proliferation. Pain fibers seem to occur within this proliferating vascular tissue.














ANALYSIS OF PAIN


Pain perception is a complex sensory response influenced by genetic differences, past experience, and the individual’s affect. Perception of pain (nociception) can occur without tissue damage in the presence of nerve injury. In the absence of far lateral or intraforaminal disc extrusion, for example, the sudden onset of severe unilateral radicular pain affecting the buttock and thigh and not associated with a change in position often occurs in diabetic patients and is attributed to small vessel disease.


Neurocompressive conditions, such as disc extrusion, facet cyst, hematoma, and lateral or central canal stenosis, may produce objective neurologic findings. Noncompressive irritative agents or events such as interstitial epidural hemorrhage, ischemia, and local tissue edema may produce severe symptoms with minimal objective neurologic findings.


Acute mechanical pain resulting from tissue injury is transient. Transient pain resolves before and with healing and is associated with a return to normal function. Chronic mechanical pain is triggered and perpetuated by different factors. Chronic pain can be unrelenting and is associated with an inability to restore normal function. In the diagnostic management of spinal pain, a common assumption is that there is always a visible underlying pathoanatomic lesion or lesions acting as a pain generator.














RATIONALE


Diagnostic assessment of low back pain is based on history and clinical examination rather than imaging studies. The use of laboratory tests and neuromuscular conduction studies may be supportive. The problem with diagnostic imaging in cases of low back pain is related to the high rate of asymptomatic morphologic alterations associated with increasing age. Standard imaging studies (radiography, computed tomography [CT] scanning, and MR imaging) should verify the clinically suspected diagnosis, and the results of these studies may lead to imageguided injection studies (e.g., nerve root block, facet joint block, sacroiliac joint block, provocative discography) to differentiate between symptomatic and asymptomatic morphologic alterations. Both diagnostic and therapeutic effects are possible with the use of long-lasting local anesthetics and steroids.








Diagnostic Accuracy of Spinal Injections


Although debate continues about the cause of localized spinal pain, the finding of a sensory deficit, loss of reflex, or demonstrable weakness on physical examination is used to identify the level of spinal nerve root compression. Characteristic areas of numbness have also been documented on the medial side of the lower part of the leg in 88% of L4 nerve root blocks, the dorsum of the first digit in 82% of L5 nerve root blocks, and the lateral aspect of the fifth digit in 83% of S1 nerve root blocks. Dermatomal patterns may vary in a substantial minority of patients, however. Transitional segments in the spine can result in inaccurate identification of neural anatomy unless the vertebrae are counted completely from the cervical through the lumbar spine. Various congenital anomalies of the lumbosacral nerve roots have been documented, including a more cranial or caudal origin of a nerve root, a conjoined structure of two roots, and anastomoses between two or more roots, all with restricted mobility. The anomalies are usually unilateral, and the fifth lumbar and first sacral nerve roots are involved most frequently.


Because patient response is dependent on accurate needle placement, fluoroscopic or CT guidance, or both, has been advocated. Visual guidance allows accurate placement of the needle at the correct spinal level and location in the epidural space, as well as confirmation of spread of the anesthetic to the level of the pathologic lesion.














Therapeutic Efficacy of Spinal Injections


Most patients with back pain and radiculopathy respond to conservative management consisting of education, exercise, medication, physiotherapy, and, increasingly, some form of local injection therapy. Large doses of medication and prolonged bed rest are associated with less patient satisfaction. Underlying disc derangement, neurocompressive stenotic features, and posterior interfacet arthrosis appear to act in concert. Comparative clinical outcome data are insufficient to validate any specific therapeutic approach. Epidural injection or periradicular infiltration of steroids and local anesthetic is commonly used for the management of lumbosacral radicular syndromes. The available well-designed clinical studies show a significantly positive pain-reducing benefit from lumbar epidural steroid injections.


Local anesthetic injections can readily identify sources of pain in soft tissue, scar tissue, nerves, and ligaments. They have particular application in this regard in cases of postsurgical or postinjury back pain in which the normal anatomy or function may be distorted. Local anesthetic blocks can also corroborate or define sites of pain in the posterior facet joints and in torsional annular tears.




















CONTRAINDICATIONS AND COMPLICATIONS


Contraindications to routine elective interventional procedures include active systemic or local infection, pregnancy, documented allergy to corticosteroid medications or contrast agents, and a bleeding diathesis. Preprocedural testing in asymptomatic persons with no bleeding history is not warranted. Informed consent should be obtained after a discussion of the potential benefits and risks associated with needle placement and the injection of contrast agents, corticosteroids, anesthetic agents, and methylmethacrylate cement.


With regard to local tissues, potential complications include neural injury and focal hemorrhage or ischemia. Systemic complications include vasovagal episodes, contrast agent- or drug-induced allergic reactions, and possible cardiorespiratory sequelae. Subacute complications may be associated with a systemic response to injected corticosteroid preparations. Intrathecal injection of corticosteroid may lead to chemical arachnoiditis, development of epidural hematoma, and deep infection. Chronic untoward effects include residual nerve injury and epidural lipomatosis associated with repeated steroid injections.














GENERAL TECHNIQUE


Accurate selective interventional procedures require image guidance and film confirmation. Overhead or C-arm fluoroscopy with film capture or CT scanning may be used. In general, fluoroscopy results in much higher radiation exposure to patients than do most types of radiographic procedures. A nonionic, iodine-based contrast medium that is regarded as safe for intrathecal use should be chosen. General sedation of the patient may be required. Conventional local anesthetic agents such as 1% to 2% lidocaine and 0.2% to 0.5% bupivacaine in small volumes are used routinely. Systemic effects of steroid preparations that are injected in the epidural space, including dyspepsia and hyperglycemia, are possible because these preparations may interact synergistically with preprocedural oral nonsteroidal anti-inflammatory drugs or recent oral or intramuscular steroid treatments.















SPECIFIC PROCEDURES



Apophyseal Joint Injection





Symptoms may originate from multiple elements in the vertebral motion segment, or three-joint, complex. Disorders of the apophyseal joints may give rise to back pain or nerve root irritation and compression. Intra-articular injection of local anesthetic agents with corticosteroids is a common interventional procedure used primarily to identify and treat patients whose back pain arises predominantly from these joints (Fig. 11-1). Facet joint capsular distention has been shown to cause pain and discomfort that can be relieved by selective nerve root blocks or the intra-articular injection of local anesthetic agents. Joint effusions may lead to the formation of synovial cysts, which may produce intermittent or continuous compression of adjacent neurovascular tissue (Fig. 11-2). Multiple facet joints may need to be evaluated with provocative and therapeutic steroid and anesthetic injections. The volume of injected anesthetic varies in reported studies, but the normal capacity of the joint is about 2 mL. Injections of large volumes of solution (3 to 6 mL) may cause capsular rupture posteroinferiorly, periarticularly, or ventrosuperomedially within the epidural space. Early studies of facet joint injection suggested that short-term relief could be obtained in 59% to 94% of patients and long-term relief in 20% to 54% of patients. Long-term studies, however, show that injecting methylprednisolone acetate into the facet joints is of little value in the treatment of patients with chronic low back pain.
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Figure 11-1 Apophyseal joint injection. A, Postero-oblique view of the lumbar apophyseal joint shows intra-articular placement of a curved needle. The contrast material outlines the superior and inferior recesses, which are alternative puncture sites. B, Frontal projection shows that the needle has been placed superiorly, with contrast material extending across the midline to fill the opposite facet joint. Note the posterior interspinous impingement and loss of interlaminar distance, leading to soft tissue impingement and formation of an adventitious interspinous bursa with fistulous communication between the facet joint recesses.
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Figure 11-2 Synovial cyst. A, Postero-oblique view of an opacified facet joint demonstrates a posteroinferior recess of moderate size and a diverticular extension posteromedially. B, In a transverse CT image obtained after the intravenous injection of a contrast agent, note the peridiscal enhancement and peripheral enhancement of bilateral synovial cysts about the facet joints that have caused central spinal stenosis. Osteoarthrosis is present in both facet joints.














Sacroiliac Joint Injection


The sacroiliac joint is an uncommon but real source of low back pain. The diagnosis of a painful articulation between a transitional lumbar vertebra and the sacrum can also be confirmed with anesthetic injections.














Piriformis Muscle Injection


The sciatic nerve may be compressed as it leaves the pelvis through the greater sciatic foramen by the piriformis muscle, and the resultant pain may be increased by muscular contraction, palpation, or prolonged sitting. Diagnostic testing can be used to differentiate piriformis syndrome from other causes of sciatica, lower extremity weakness, and pain. Piriformis muscle injections are performed under CT guidance. Without such guidance, injection into the midsubstance of the piriformis muscle, with soft tissue extravasation and perisciatic neural leakage, is nonselective and of limited value. Anecdotal evidence suggests that selective anesthetic blockade, combined with local steroid injection at the superficial and deep margins of the distal end of the tendon at its trochanteric attachment site, can resolve symptoms associated with overuse.














Epidural Injection


Epidural injections used to treat back and limb pain are generally accomplished through a posterior interlaminar, caudal, or transforaminal route. All three techniques are capable of delivering steroid preparations to the epidural space. The interlaminar and caudal methods are imprecise, require substantial volumes of injectant with larger doses of steroids, and may necessitate a series of injections that are expensive and more likely to lead to complications. With the caudal injection technique, the injected solution dissipates mainly in a cephalad direction and seldom crosses the L5–S1 disc space (Fig. 11-3A). The transforaminal route provides precise delivery of a smaller dose of corticosteroids under fluoroscopic guidance. The medication is injected predominantly in the anterior epidural space (see Fig. 11-3B).
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Figure 11-3 Epidural injection. A, Conventional large-volume epidurogram has been performed via the transsacral hiatus. Contrast opacification of the epidural space and multiple nerve root sleeves on the left is seen. B, Selective midtransforaminal needle placement is shown. Note the antegrade and retrograde contrast opacification of the L4 nerve in the lateral nerve root canal. Also note the fusiform swelling of the dorsal nerve root ganglion. The contrast material is perineural and not in the ventral epidural space, as seen in (A).








Epidural injection of corticosteroids can be used to treat patients with certain radicular pain syndromes of the lower extremity of intermediate duration (2 weeks to 3 months). The short- and long-term benefits of repeated epidural or perineural steroid injections have been evaluated in patients with persistent radicular or low back pain for more than 6 weeks, and long-term improvement has been reported in more than half of patients. A highly variable success rate (23% to 84%) has been reported for epidural injection.


















Selective Lumbosacral Nerve Root Block with Focal Transforaminal Injection.


After sterile preparation and anesthesia of the skin, a 22-gauge short bevel spinal needle is inserted at a point just lateral to the pedicle and below the transverse process. With the patient in a prone oblique position of 30 to 40 degrees, a straight needle can be directed under fluoroscopic control to the base of the pedicle at its junction with the vertebral body beneath the transverse process. With the patient prone, manipulation of the needle tip around the facet and pedicle requires a needle in which the last centimeter is curved away from the bevel (Fig. 11-4). To reduce the chance of inadvertent dural puncture, the needle tip should not extend beyond the midline of the pedicle. In the upper lumbar levels, the perineural arachnoid sleeve or cysts may extend more laterally (Fig. 11-5).




[image: image]


Figure 11-4 Epidural injection. A, High L5 transforaminal needle placement has resulted in antegrade and retrograde flow of contrast material outlining nerve root divisions and the foraminal floor, with midline flow of contrast agent to the L4–L5 disc margin. B, Lateral radiograph confirms the location of the tip of the curved needle, along with retrograde ventral epidural flow of contrast material to the craniad disc space.
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Figure 11-5 Tarlov’s cysts. Postero-oblique projection during a myelogram outlines the course of an intradural nerve root, elongation of the dural sleeve, and terminal diverticula (Tarlov’s cysts) (arrows). The presence of long nerve root sleeves and perineural cysts predisposes to inadvertent intrathecal puncture.








Access to the S1 nerve root can be obtained through the small posterior sacral foramina; alternatively, a straight needle can be passed directly through the thin posterior cortical bone overlying the S1 nerve root canal just below the S1 pedicle. The patient frequently feels some radicular pain when the needle approaches the nerve. When the needle tip is in the proper position, or when the patient indicates that typical symptoms have been reproduced, contrast medium is injected. Antegrade flow of the contrast material outlines the exiting nerve root. Retrograde flow of the contrast agent extends in a subpedicular direction to the ventral epidural space and to the targeted extrathecal disc space. Fluoroscopy with the patient in a lateral or oblique position ensures accurate placement of the needle. Enough contrast agent should be injected for the operator to recognize intravascular and intrathecal flow. When correct needle position is confirmed and the desired flow pattern is demonstrated, a block is created by injecting 2 to 3 mL of anesthetic and steroid medication. This method delivers about 30 to 40 mg of methylprednisolone or the equivalent dose of betamethasone into the ventral epidural space and achieves a sensory block. The use of bupivacaine with a concentration greater than 0.25% frequently results in loss of motor function for several hours.














Selective Cervical Nerve Root Block with Focal Transforaminal Injection.


The patient is positioned comfortably in an approximately 45-degree anterior oblique position to enable visualization of the neural foramen fluoroscopically. After sterile preparation and anesthesia of the skin, and with constant fluoroscopic guidance, a 25-gauge spinal needle is directed in an oblique direction from an anterolateral approach until it contacts the anterior aspect of the superior articular process. The needle is “walked off” anteriorly for a distance of 1 to 2 mm into the neural foraminal tissues. Injection of nonionic, low-osmolar myelographic contrast agent is used to confirm opacification of the nerve root and the absence of contrast material in intrathecal or vascular sites (Fig. 11-6). Subsequently, 1 mL of a solution containing 0.25% bupivacaine or 1% lidocaine mixed with 25 mg of methylprednisolone without alcohol or an equivalent dose of betamethasone (Celestone Soluspan) is injected.
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Figure 11-6 Selective cervical nerve root block with foraminal injection. Oblique fluoroscopic view confirms placement of a 25-gauge needle in the posterior, lower third of the foramen, with contrast material outlining the C6 nerve.




















Selective Thoracic Nerve Root Block, Selective Transforaminal Epidural Injection, and Paravertebral Blocks.


Nerve root blocks and transforaminal epidural injections in the thoracic spine are performed under CT guidance (Fig. 11-7). The volume of injected material is 2 mL of 1% lidocaine or 0.25% bupivacaine. Paravertebral sympathetic blocks performed under CT guidance decrease the incidence of pneumothorax and document accurate needle placement. A 20-gauge needle is initially inserted into the paravertebral soft tissues. Subsequent coaxial placement of a 25-gauge needle anterolaterally for induction of an anesthetic block is facilitated by the use of saline infiltration to distend the local tissues between the spine and pleura.
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Figure 11-7 Thoracic nerve root block. CT image demonstrates the posterolateral transforaminal placement of a 22-gauge spinal needle, with injected contrast material confirming epidural flow in both a ventral and a dorsal direction. Because of the presence of the ribs, CT gantry angulation may aid in proper placement of the needle.






































Lumbar Discography


Combined with CT, discography has become an established diagnostic procedure that accurately and reliably assesses lumbar disc integrity in patients with persistent low back, buttock, or thigh pain who have failed to respond to conservative therapy or decompressive surgical treatment and for whom spinal fusion is being considered. Discography is usually performed when negative or equivocal results are provided by other diagnostic imaging techniques such as CT scanning, MR imaging, or myelography.


Lumbar discography can be performed via a transdural or posterolateral oblique approach. The transdural approach entails two punctures of the thecal sac for each intervertebral disc that is injected, with a resultant increased propensity for cerebrospinal fluid leakage. The oblique approach can be achieved with a single C-arm fluoroscopic unit or with biplanar imaging. Fluoroscopy allows appropriate needle manipulation and use of the “bevel effect” to ensure optimal penetration of the center of the intervertebral disc. For discography to be performed successfully, the needle tip should be placed in the central third of the disc space (Fig. 11-8). A curved needle can be placed through a larger-bore needle to avoid any osteophytes and to allow access to deeply located L5–S1 discs.
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Figure 11-8 Lumbar discography. A, Lateral lumbar spine with discographic needle entry low in the posterior disc margin. Note the normal unilocular appearance of the nucleogram. B, Normal bilocular appearance of the nucleogram. The anterior arrows identify anterior vacuum phenomena in the anulus fibrosus, consistent with peripheral annular tears that were asymptomatic at discography.








The normal volume that can be injected into a lumbar disc is 1 to 2 mL, and such injection does not produce pain. With injection into an abnormal intervertebral disc, symptoms may occur when either small (0.5 mL) or large (3.5 mL) volumes of fluid are instilled (Fig. 11-9). Analysis of the location of discomfort, the pattern of pain radiation, the pain severity, and its similarity to the primary pain should be documented carefully. A positive pain response can be terminated by a subsequent controlled intradiscal injection of 1% lidocaine. The patient is observed for 2 hours after the procedure and given medication, if necessary, to resolve any symptoms that were produced or exacerbated during the study.
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Figure 11-9 Lumbar discography. Lateral examination shows a normal L3–L4 bilocular nucleogram. The L4–L5 discogram shows a posterolateral incomplete radial tear with annular enhancement.








Contrast opacification of the nuclear space (nucleogram) may reveal a regular or irregular appearance that must be clearly differentiated from contrast material in the anulus fibrosus (annulogram) associated with misplacement of the needle tip. The contrast pattern mirrors the integrity of the nuclear space. Isolated “rim” lesions that do not communicate with the nucleus pulposus represent a small subgroup of lesions leading to discogenic pain that are not well demonstrated by discography. CT scanning after discography allows precise localization and display of the nuclear space, disc extrusions, annular defects, disc fissures, and concomitant nerve root and thecal sac compromise.


External annular disruption results in a bulge in the intervertebral disc that is greater than 2.5 mm beyond the vertebral edge. Discography shows a characteristic “collar stud” extension caused by the rent in the anulus fibrosus, without nuclear extrusion. Such annular disruption results in an inflammatory response consisting of reparative granulation tissue that extends into the cleft. With discography, 65% of patients with severe unresponsive back pain demonstrate a posterolateral annular tear without evidence of an extruded nucleus pulposus.














Chemonucleolysis


The role of chemonucleolysis in the management of leg pain related to disc extrusion is controversial. Nucleolysis is produced by the injection of a proteolytic or chondrolytic enzyme, such as chymopapain or collagenase, into the substance of a deranged intervertebral disc. Initial success rates were between 75% and 85%. Although adverse effects of chemonucleolysis are infrequent (<0.1%), they may be more serious (e.g., life-threatening anaphylaxis, infection, bleeding problems, neurologic deficits such as transverse myelitis) than those associated with epidural steroid injection. A mortality rate of 0.02% has been reported.














Percutaneous Discectomy


Percutaneous discectomy has gained some popularity as a treatment method for an extruded lumbar nucleus pulposus. The reason why percutaneous discectomy is successful is unclear, and no pathophysiologically based explanation is available. There does not appear to be a correlation between the quantity of disc removed and the therapeutic result. Infection is an infrequent complication of percutaneous discectomy, with a prevalence of less than 1%. Morbidity and mortality rates related to this procedure are low. Success rates in carefully chosen patients are between 53% and 87%, compared with 90% in appropriately selected patients undergoing surgical microdiscectomy.














Laser Disc Therapy


Laser disc therapy entails vaporization of nuclear tissue to relieve or reduce the mechanical deformation effect on the disc contour. The success of this therapy depends on proper patient selection and correct needle placement with appropriate radiologic monitoring. The needle tip must be placed just inside the anulus fibrosus, and the needle itself must be parallel to the axis of the disc and preferably halfway between the superior and inferior endplates.














Thermocoagulation of the Intervertebral Disc


Intradiscal electrothermal annuloplasty is a relatively new procedure to relieve discogenic pain. It involves heating the intervertebral disc using a specialized flexible catheter with a 6-cm thermoactive tip. Using normal discographic technique, the catheter is inserted via a posterolateral route into the anulus fibrosus or nucleus pulposus with a 17-gauge introducer. The active tip is typically advanced circumferentially around the nuclear tissue and directed circuitously to return posterolaterally, ideally achieving full 360-degree penetration. After appropriate catheter positioning, electrothermal heat is generated at the active tip. Approximately one third of patients feel the same or worse after undergoing electrothermal annuloplasty. Many questions remain regarding the efficacy of this procedure.














Percutaneous Vertebroplasty


Osteoporosis is a disease of low bone mass that often manifests as a fracture. Hip fractures are the most devastating, but vertebral fractures are the most common and occur in 25% of women older than 50 years and in 40% of those 80 to 85 years of age. Sixty percent of vertebral fractures are clinically silent but are associated with loss in height and spinal deformity. In patients in whom pain management with local and systemic analgesia has failed, vertebroplasty can be effective in controlling pain, obtaining stability of the spine, improving function, and decreasing the likelihood of recurrence, progressive deformity, and disability.


The technique involves percutaneous puncture of the involved vertebrae via a transpedicular approach, followed by injection of polymethylmethacrylate (average injection amount, 7.1 mL) into the vertebral body (Fig. 11-10). Significant pain relief immediately after treatment has been reported in 90% of patients, with a complication rate of about 6%. Careful control of the volume of injected polymethylmethacrylate seems to be the most critical factor for avoiding complications. Injection of opacified polymethylmethacrylate during vertebroplasty may cause compression of adjacent structures and necessitate emergency decompressive surgery; thus, the procedure should be performed only in a surgical center. A multidisciplinary team decision to perform vertebroplasty is based on a number of factors.
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Figure 11-10 Percutaneous vertebroplasty. A, Lateral fluoroscopic image shows transpedicular placement of a needle into the anterior third of a wedged T12 vertebral body. The opacified cement (methylmethacrylate) is distributed into the lower and upper third of the collapsed vertebral body. No posterior escape of the methylmethacrylate is evident. B, CT image demonstrates cement within the anterior third of the vertebral body without extravasation. Minor seepage of the cement is seen along the needle track. (Courtesy of J. B. Vogler, MD, Gainesville, Fla.)
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