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Preface

In the fifth edition of this classic textbook, the en-
tire format was revised to reflect the dramatic
changes that had occurred in orthopaedic surgery
since the previous edition. The text was condensed
to one volume and structured to be concise enough
for the resident and medical student to obtain a
broad presentation of the specialty in a limited
amount of time. The textbook maintained the broad
approach to adult and pediatric orthopaedics, but
eliminated the details of specific surgical treatment
as technologic advances that dictate surgical alter-
natives require more in-depth presentations that are
only appropriate for the advanced-level resident. In
the sixth edition, we have added 16 new authors,

all authorities in their fields, and have added a
chapter on biomechanics and gait and one on the
fundamentals of fracture repair and management.

The sixth edition of the textbook remains true to
the original purpose of orthopaedics—to transmit
knowledge that stimulates enthusiasm for the prac-
tice of orthopaedics and creates interest and curios-
ity that leads to further investigation that advances
the specialty.

Stuart L. Weinstein, MD
Joseph A. Buckwalter, MD
lowa City, Iowa 2005







Contents

I Orthopaedics and the Musculoskeletal System

1  Musculoskeletal Tissues and the Musculoskeletal System
Joseph A. Buckwalter

Connective Tissue 4
Mesenchymal Tissues Versus Epithelial Tissues 4
Mesenchymal Cells 4
Mesenchymal Matrices 5
Bone 10
Structure 10
Composition 11
Control of Bone Cell Activity 15
Blood Supply 16
Nerve Supply 17
Periosteum 18
Structure 18
Blood Supply 19
Nerve Supply 19
"Tendon, Ligament, and Joint Capsule 19
Structure 19
Composition 22
Insertions into Bone 23
Blood Supply 24
Nerve Supply 24
Menisci 24
Structure 24
Composition 24
Blood Supply 25
Nerve Supply 25
Synovium 25
Structure 25
Blood Supply 26




xii

Contents

Hyaline Cartilage 26
Structure 26
Composition 28

Intervertebral Disc 31
Structure 32
Composition 34
Blood Supply 36
Nerve Supply 36
Age-Related Changes in Disc Tissues 36

Muscle 37
Structure 37
Composition 38
Blood Supply 40

Innervation 40

Formation and Development of the Musculoskeletal System 42
Cartilage, Muscle, and Bone 42
Joints 45

The Axial Skeleton 46
The Appendicular Skeleton 50

Musculoskeletal Tissue Healing . . . . . . ... ... ... vu....

Joseph A. Buckwalter
Bone Healing 58
Inflammation and Repair 58
Repair and Remodeling of Unstable Fractures 60
Repair and Remodeling of Stabilized Fractures (Primary Bone Healing) 62
Failure of Fracture Healing 63
Articular Cartilage Healing 63
Healing Following Disruption of Synovial Joint Soft Tissues 64
Healing Following Damage to the Articular Surface 64
Blunt Trauma Without Articular Cartilage Disruption 64
"Trauma that Disrupts Articular Cartilage 64
Injuries Limited to Articular Cartilage 64
Failure of Articular Cartilage Healing 65
Dense Fibrous Tissue Healing 65

"Tendon 67

Injuries to Tendon Substance 67
Injuries to Tendon Insertions 67
Injuries to Muscle-Tendon Junctions 67

Ligament and Joint Capsule 68

Meniscus 69

Failure of Dense Fibrous Tissue Healing 69
Skeletal Muscle Healing 69

Types of Muscle Tissue Injury 69

Inflammation 70

Repair 71

Remodeling 71

Failure of Skeletal Muscle Healing 71



I1

Contents

Gait Analysis. . . . . . . . . e e e e e
Kenton R. Kaufman
Historical Perspective 74
Equipment and Methods 74
Observation 74

Movement Measurement 75
Force Measurement 77
Electromyography 79
Intramuscular Pressure 80

Interpretation of Gait Data 81
Treatment Planning &3
Rationale 83

Summary 84
Acknowledgment 85

Principles of Fractures. . . . . . . . . . .. ... ... ...
Laura Prokuski
Bone Biomechanics 87
Fracture Biomechanics 88
Bone Fatigue 88
Fracture Classification 89
Effects of Fractures 92
Single Versus Multiple Fractures 93
Initial Management of Fractures 95
Realignment 95
Splinting 95
Definitive Treatment of Fractures 96
Evaluation of the Patient 96
Evaluation of the Limb 97
Nonoperative Treatment 100
Splints and Casts 100
"Traction 103
Operative "Treatment 104
Operative Techniques for Fracture Reduction and Stabilization 110
Closed Reduction and Percutaneous Pinning 110
External Fixation 110
Intramedullary Nailing 113
Open Reduction and Internal Fixation 115
Rehabilitation 117

General Disorders of the Musculoskeletal System . ... ... ..

Bone and Joint Infections in Children . . . . . . . .. ... ... .. ........
Neil E. Green
Joseph Jacob Nania
Diagnosis and Treatment of Osteomyelitis and Septic Arthritis 124
Acute Hematogenous Osteomyelitis 124
Classification 124
Pathogenesis 124

xiii



Xiv Contents

Diagnosis 126
History and Physical Examination 127
Laboratory Data 127
Radiographic Findings 127
Bone Scan 128
Bone Aspiration 129
Treatment 129
Antibiotics 130
Neonatal Osteomyelitis 132
Special Sites of Infection 133
Sickle Cell Disease 133
Subacute Hematogenous Osteomyelitis 135
Classification 135
Diagnosis and Treatment 13§
Chronic Recurrent Multifocal Osteomyelitis 138
Disc Space Infection 140
Edology 140
Clinical Findings 140
Radiographic Findings 140
Diagnosis 140
"Treatment 141
Pseudomonas: Infections of the Foot Following Puncture Wounds 142
Clinical Presentation 142
Treatment 142
Septic Arthritis 143
Pathogenesis 143
Organisms 143
Diagnosis 143
Treatment 144
Hip Joint 145
Sacroiliac Joint 146
Gonococcal Arthritis 147

6  Rheumatic Diseases: Diagnosis and Management . . . . . . . . ... ... ....
Robert F. Ashman
Polly |. Ferguson
Jacob W. I]do
George V. Lawry 11
Mary M. Moore
Paul M. Peloso
John W. Rachow
Haraldine A. Stafford
Rebecca S. Tuetken
Scott A. Vogelgesang
The Normal Synovium 152
Characteristics of Normal Synovial Fluid 152
Examination of Synovial Fluid 152
Crystal Examination 152
Synovial Biopsy 153



Osteoarthritis 154
Pathogenesis and Clinical Manifestations 154
Regional Variations and Radiographic Features 154
Laboratory Features 159
Medical Management 160
Surgical Management 162
Rheumatoid Arthritis 162
Pathogenesis 162
Clinical Features 162
Diagnosis, Differential Diagnosis, and Prognosis 163
Laboratory Features 163
Rheumatoid Deformities 163
Extra-Articular Manifestations 164
Management of Rheumatoid Arthritis 164
Systemic Lupus Erythematosus 166
Definition 166
Clinical Features 166
Pathologic and Radiologic Features 167
Laboratory Features 167
Management 167
Spondyloarthropathies 168
Clinical Hallmarks 168
Ankylosing Spondylitis 168
Inflammatory Bowel Disease Arthritis 170
Reactive Arthritis (Reiter’s Syndrome) 170
Psoriatic Arthritis 170
Undifferentiated Spondyloarthropathy 171
Principles of Management 171
Juvenile Idiopathic Arthritis 172
Differential Diagnosis 172
Clinical Characteristics 172
Course, Complications, and Prognosis 174
Management 175
Infectious Arthritis 176
Acute Septic Arthritis 176
Gonococcal Arthritis 177
Mycobacterial Arthritis 178
Syphilis 178
Lyme Disease 179
Brucella Arthritis 180
Fungal Arthritis 180
Viral Arthritis 181
Crystal-Induced Arthritis 182
Gout 182
Calcium Pyrophosphate Dihydrate (CPPD) Deposition Disease
Systemic Sclerosis 186
Classification and Pathogenesis 186
Clinical Presentation 186
Diagnostic Evaluation 189
Treatment 190

185

Contents

XV



xvi

Contents

Fibromyalgia 192
Definition 192
Clinical Features 192
Education 194
Physical Therapy 194
Drug Treatment 195

Metabolic Bone Disease . . . . . . . . . . . o o v v v v

Julie T. Lin
Joseph M. Lane
Bone Growth and Development 199
Nutrition 200
Menstrual Cycles 200
Hypogonadism 200
Calcium and Vitamin D 200
Exercise 201
Accumulation of Peak Bone Mass 201
Menopause 201
Osteoporosis: Scope of Problem 202
Osteoporosis Definition 202
Risk Factors for Osteoporosis 202
Bone Mineral Density Testing 202
Differential Diagnosis of Osteoporosis 203
Bone Marrow Diseases 203
Connective Tissue Disorders 203
Endocrinopathies 203
Paget’s Disease of Bone 206
Treatment of Osteoporosis 206
Medical 206
Nonmedical Management of Osteoporosis
Conclusions 208

Neuromuscular Diseases . . . . . . . . . . . . o o i

Kenneth Noonan

Orthopaedic Manifestations of Cerebral Palsy
Spine Deformities 213
Hip Dysplasia 215
Lower Extremity Contractures 218
Foot Deformities 219
Upper Extremity Deformities 221

Orthopaedic Manifestations of Myelodysplasia
Spinal Deformity in Myelodysplasia 224
Hip Dysplasia in Myelodysplasia 225
Knee Problems in Myelodysplasia 226
Foot Deformities in Myelodysplasia 226
Charcot Arthropathy 228
Fractures in Myelodysplasia 229

Spinal Muscular Atrophy 229

Friedreich’s Ataxia 230

208

223



10

Contents

Orthopaedic Implications of Duchenne Muscular Dystrophy (DMD) 231
Becker Type Muscular Dystrophy 232
Emery-Dreifuss Muscular Dystrophy 233
Facioscapulohumeral Muscular Dystrophy 233
Limb-Girdle Muscular Dystrophy 234
Myotonic Dystrophy 234
Hereditary Motor Sensory Neuropathies (HMSN) 235
Arthrogryposis 236
Larsen’s Syndrome 238
Distal Arthrogryposis 240

Idiopathic and Heritable Disorders. . . . . . . . ... ... ... .........

José A. Morcuende
Matthew B. Dobbs
The Genetic Bases of Musculoskeletal Disorders 246
Pattern Formation 246
Cell Differentiation 246
Classification of Musculoskeletal Disorders 247
Clinical Evaluation 248
Defects in Skeletal Patterning 248
Proximal Femoral Focal Deficiency 248
Tibial Deficiency 249
Fibular Deficiency 250
Defects in Nuclear Proteins and Transcription Factors 251
Camptomelic Dysplasia 251
Cleidocranial Dysplasia 251
Defects in Extracellular Structural Proteins 252
Osteogenesis Imperfecta 252
Marfan Syndrome 253
Multiple Epiphyseal Dysplasia 256
Pseudoachondroplasia 257
Defects in Signal Transduction Mechanisms 259
Achondroplasia Group 259
Vitamin D-Resistant Rickets 260
Defects in Metabolic Macromolecular Degradation 261
Mucopolysaccharidoses 261
Defects in Tumor Suppressor Genes 263
Hereditary Multiple Exostoses 263

Musculoskeletal Neoplasms and Disorders That Resemble Neoplasms . . . . .

Kristy L. Weber

Joseph A. Buckwalter

Evaluation of a Patient with a Bone or Soft Tissue Lesion 268
Clinical 268
Laboratory Studies and Radiographic Evaluation 270
Biopsy Considerations 270

Disorders that Resemble Neoplasms 271
Bone Disorders 271
Soft Tissue Disorders 281

xvii



xviii

I11 Regional Disorders of the Musculoskeletal System

11 The Neck

Eric T. Jones

John C. France
Torticollis 323
Congenital Muscular Torticollis (Congenital Wry Neck)

Contents

Benign Neoplasms 286

Benign Bone Neoplasms 286
Benign Soft Tissue Neoplasms 297

Malignant Neoplasms 304

Malignant Bone Neoplasms 305
Malignant Soft Tissue Neoplasms 314

Metastatic Neoplasms 316
Summary 318

Differential Diagnosis 324

Clinical and Radiographic Features 324
Pathoanatomy 325

Natural History 325

"Treatment 325

Rotatory Subluxation of Childhood 325
Clinical Features 326

"Treatment 326

Spasmodic Torticollis 326

Stiff Neck 326

Clinical Features 327
Radiographic Studies 327
Natural History 327

Degenerative and Herniated Intervertebral Disc Disease

Incidence 328

Clinical Features 32§

Cervical Radiculopathy 329
Myelopathy 329
Roentgenographic Features 329
Computed Tomographic Scans 331
Myelography 331

MRI 331

Diskography 331

Other Diagnostic Studies 334
Local Injection 334
Pathoanatomy 334

Treatment 334

Klippel-Feil Syndrome 335

Clinical Findings 335
Radiographic Findings 336
Associated Conditions 337
"Treatment 337

324

327



12

Juvenile Rheumatoid Arthritis 337
Clinical Features 338
Origins 338
Natural History 338
"Treatment 339
Rheumatoid Arthritis 339
Clinical Features 340
Diagnostic Studies 340
Natural History 340
Treatment 342
Complications of Treatment 343

The Shoulder and Arm . . . . . . . . . . .

Edward W. Lee

Evan L. Flatow

Birth Palsy 345
Clinical and Radiographic Features 346
"Treatment 346

Degenerative and Painful Conditions of the Acromioclavicular Joint
Origins 348
Clinical and Radiographic Features 34§
Treatment 349
Complications 351

Degenerative Osteoarthritis of the Glenohumeral Joint 351
Epidemiology, Origins, Pathoanatomy 351
Clinical Features 352
Radiographic Features 354
"Treatment 355
Complications 356

Osteonecrosis of the Humeral Head 357
Origins 357
Clinical Features 358
Radiographic Features 359
Natural History 359
Treatment 359

Rheumatoid Arthritis 360
Clinical Features 360
Radiographic Features 360
Treatment 361

Posttraumatic Glenohumeral Arthritis 363
Clinical Features 363
Radiographic Features 363
Treatment 364

Rotator Cuff Tear Arthropathy 364
Origins 364
Clinical Features 365
Radiographic Features 365
"Treatment 366

Rotator Cuff Disease 367
Anatomy and Function 367
Pathogenesis 368

347

Contents

xix



13

14

Contents

Clinical Features 369
Radiographic Features 372
Natural History 376
Treatment 378

Lesions of the Biceps Tendon/Biceps Origin 379
Pathogenesis 379
Clinical Findings 380
Treatment 382

Frozen Shoulder 383
Origins 383
Clinical Features 383
Radiographic Features 384
Treatment 385

Glenohumeral Instability 387
Anatomy and Biomechanics 387
Clinical Features 387
Radiographic Features 390
Treatment 391

The Forearm and EIbow . . . . . . . . . . . . . . i

Peter M. Murray

Congenital Conditions 401
Arthrogryposis Multiplex Congenita 401
Congenital Radial Head Dislocation 402
Congenital Radioulnar Synostosis 402

Nerve Entrapment Syndromes 403
Anterior Interosseous Nerve Syndrome and Pronator Syndrome
Radial Nerve Entrapment Syndromes 404
Ulnar Neuropathy 405

Olecranon Bursitis 407

Degenerative Arthritis 407

Osteochondritis Dissecans 409

Panner’s Disease 409

Rheumatoid Arthritis 409

Tendonopathies 410
Intersection Syndrome 410
Lateral Epicondylitis (Tennis Elbow) 412
Medial Epicondylitis (Golfer’s Elbow) 414

The Wrist and Hand . . . . . . . . . . . . . . . i

Peter M. Murray
Boutonniére Deformity 417
Carpal Tunnel Syndrome 418
Complex Regional Pain Syndrome 420
Congenital Hand Anomalies 420
Radial Club Hand 420
Thumb Hypoplasia 421
Madelung’s Deformity 421

403



15

16

Syndactyly 422
Polydactyly 422
Cleft Hand 423
Crystalline Arthropathy of the Hand and Wrist 423
Degenerative Arthritis of the Hand and Wrist 424
DeQuervain’s Syndrome 426
Dupuytren’s Contracture 427
Infections of the Hand and Wrist 428
Felons and Paronychia 428
Septic Flexor Tenosynovitis 429
Palmar Abscess 429
Human and Other Animal Bites 429
Osteomyelitis 430
Atypical Mycobacterium Infections 430
Necrotizing Fasciitis and Clostridial Myonecrosis 430
Septic Arthritis 431
Keinbock’s Disease 432
Nerve Palsy 433
Rheumatoid Arthritis of the Hand and Wrist 434
Stenosing Tenosynovitis (Trigger Finger) 435
Swan-Neck Deformity 436
Tumors and Tumor-Like Conditions of the Hand and Wrist 436
Ganglion Cyst 436
Giant Cell Tumor of Bone 437
Giant Cell Tumor of Tendon Sheath 437
Epidermal Inclusion Cyst 437
Enchondroma 437
Malignant Tumors of the Hand and Wrist 438
Vascular Insufficiency of the Hand and Wrist 438

The PediatricHip . . . . . . . . . . . ... . e

Stuart L. Weinstein

Developmental Hip Dysplasia and Dislocation 443
Legg-Calvé-Perthes Disease 452

"Transient Synovitis 465

Developmental Coxa Vara 467

Slipped Capital Femoral Epiphysis 468

The Thoracolumbar Spine . . . . . . . .. ... ... ... ... .. ... ......

Stuart L. Weinstein

Spinal Deformity 477
General Considerations 477
Scoliosis 482

Congenital Spinal Deformity 492

Back Pain in Children =~ 497
Scheuermann Kyphosis 498
Spondylolysis and Spondylolisthesis 500
Herniated Nucleus Pulposus 509

Contents

xxi



xxii

17

Contents

Back Pain in Adults 509
Acute Back Pain With Lumbar Radiculopathy 511
Chronic Back Pain 513
Spinal Stenosis 514

The AdultHip . . . . . .. ... .. ... .. .. ... ... .....

Peter Devane
Geoffrey Horne
Applied Surgical Anatomy 520
Surface Anatomy 520
Gluteal Muscles 520
Femoral Anatomy 521
Acetabular Anatomy 521
Embryology 521
Surgical Approaches to the Hip 522
Anterior (Smith-Peterson) Approach 522
Anterolateral (Watson-Jones) Approach 523
Direct Lateral (Hardinge) Approach 524
Posterior Approach 525
Examination of the Hip 525
Clinical Presentation of Hip Pathology 527
The Young Adule 527
Middle Age 527
The Elderly 528
The Dysplastic Hip 528
Clinical Assessment 528
Radiographic Assessment 528
The Role of Osteotomies 528
"Total Hip Replacement in Hip Dysplasia 531
Avascular Necrosis of the Hip 533
Clinical Assessment 533
Radiographic Assessment 534
Treatment of AVN 535
Rheumatoid Arthritis 535
Origins and Pathology 535
Clinical Assessment 536
"Treatment 536
Hemophilia 537
THA in Hemophilia 537
Management of the Young Patient with a Painful Hip 537
Diagnosis 537
Hip Arthroscopy 537
Surgical Dislocation 539
Primary Total Hip Arthroplasty 539
History of Total Hip Arthroplasty 539
Cost of Primary THA 543
Measurement of Outcomes in Primary THA 544
Cemented Acetabular Components 544
Cementless Acetabular Components 545



Contents xxiii

Alternate Bearing Surfaces 548
Ceramic on Polyethylene 548
Ceramic on Ceramic 549
Metal on Metal 549
Metal on Cross-Linked Polyethylene 549
Cemented Femoral Stems 550
Cementless Femoral Stems 552
Hydroxyapatite Coatings in Primary THA 553
Surface Hip Replacement 554
Minimally Invasive THA 554
Complications of Total Hip Arthroplasty 554
Death 554
Nerve Palsy 555
Leg Length Inequality 555
Dislocation 556
Heterotopic Ossification 558
Infection 558
Periprosthetic Fractures 559
Wear and Osteolysis 561
Revision Total Hip Arthroplasty 565
Step 1. Reason for Failure 565
Step 2. Which Components Need Revising 565
Step 3. Assessment of Bony Defects 566
Step 4. What Acetabular Revision Components Are Required 566
Step 5. What Femoral Revision Components Are Required 567
Step 6. Which Surgical Approach Should Be Used 569
Step 7. What Fixation Method Should Be Used 570
Step 8. What Is the Role of Allograft and Tumor Prostheses in Femoral Revision 571

18 The Pediatric LegandKnee . . . . .. .. ... ... ... ... .. ... ... ... 575
Hyun Woo Kim
Hui Wan Park

Congenital Subluxation and Dislocation of the Knee 575
Congenital Dislocation of the Patella 576
Physiologic Genu Varum and Valgum 577

Tibia Vara (Blount’s Disease) 578

Congenital Posteromedial Bowing of the Tibia 579
Congenital Pseudarthrosis of the Tibia 579
Congenital Fibular Hemimelia 580

Discoid Meniscus 581

Osteochondritis Dissecans of the Knee 581
Osgood-Schlatter Disease 582

Patellar Lesions 583

Patellofemoral Pain Syndrome 583

Recurrent Patellar Subluxation and Dislocation 583
"Trauma 584

Ligamentous Injury 586



xxiv

19

Contents

The Adult Knee . . . . . . . . . . . . v i i i

Sandeep Munjal
Kenneth A. Krackow
Meniscal Injuries 589
Anatomy 590
Diagnosis 590
Treatment 592
Partial Meniscectomy 593
Meniscal Repair 593
"Techniques 593
Meniscal Transplant 594
Acute Ligament Injuries 595
General Considerations 595
Origins 596
History and Physical Examination 596
Abduction (valgus) and Adduction (varus) Stress Test
Anterior Cruciate Ligament Injuries 600
Biomechanics 600
History and Physical Examination 601
Natural History 601
Treatment 602
Posterior Cruciate Ligament 603

Biomechanics 603
Medial Collateral Ligament Injuries 605
Posterolateral Corner Injuries 605
Biomechanics 606

Clinical Presentation 606
Imaging 606
"Treatment 606
Acute Injury 607
Chronic Injury 607
Osteonecrosis 608
Articular Cartilage Lesions 610
Clinical Presentation 610
Nonoperative Treatment Options 610
Operative Treatment Options 611
Patellofemoral Disorders 613
Chondromalacia Patellae and Patellofemoral Arthritis
Osteoarthritis 616
Total Knee Arthroplasty 621
The Operation 622
Computer Navigation 625
Revision Total Knee Arthroplasty 626
Infection 626
Preoperative Investigations 627
Management of Established Infection 628

597

614



20

21

The Pediatric Foot . . . . . . . . . . . . o i i

Stuart L. Weinstein

Pes Planus 633

Tarsal Coalition 645
Congenital Vertical Talus 650
Calcaneal Valgus 651
Kohler Disease 652
Freiberg Infarction 653
Sever Disease 654
Metatarsus Adductus 655
Clubfoot 658

Idiopathic Toe-Walking 661
Torsional Problems 662

The Adult Ankle and Foot . . . . . . . . . . . . . . . . ..

Anand M. Vora
Gregory P. Guyton
Hallux Valgus 671
The Deformity 672
Conservative Management 673
Preoperative Evaluation of a Bunion 673
Surgical Procedures 675
Special Cases 675
Hallux Rigidus 678
Disorders of the Lesser Toes 681
Disorders of the Lesser Metatarsophalangeal Joints
Soft Tissue Disorders of the Forefoot 686
Pes Planus (Flatfoot) 687
Pes Cavus 692
Arthrosis of the Foot and Ankle 693
Ankle Joint 693
Hindfoot Joints 694
Midfoot Arthrosis 696
Ankle Instability 696
Heel Pain 699
Nerve Entrapment Syndromes 700
Interdigital Neuroma 700
Tarsal Tunnel Syndrome 701
The Diabetic Foot 701
Neuropathic Ulceration 702
The Charcot Foot 703

Index 707

683

Contents

XXv






Orthopaedics and the
Musculoskeletal System



A

Ny




Joseph A. Buckwalter

Musculoskeletal Tissues
and the Musculoskeletal System

CONNECTIVETISSUE Insertions into Bone Age-related Changes in Disc
Mesenchymal Tissues Versus Blood Supply Tissues
Epithelial Tissues Nerve Supply MUSCLE
Mesenchymal Cells MENISCI Structure
Mesenchymal Matrices Structure Composition
BONE Composition Blood Supply
Structure Blood Supply Innervation
Composition Nerve Supply FORMATION AND
Control of Bone Cell Activity SYNOVIUM DEVELOPMENT OF THE
Blood Supply Structure MUSCULOSKELETAL
Nerve Supply Blood Supply SYSTEM
PERIOSTEUM HYALINE CARTILAGE Cartilage, Muscle, and Bone
Structure Structure Joints
Blood Supply Composition The Axial Skeleton
Nerve Supply INTERVERTEBRAL DISC The Appendicular Skeleton
TENDON, LIGAMENT, AND Structure
JOINT CAPSULE Composition
Structure Blood Supply
Composition Nerve Supply

he stability and mobility of the body depend on the tissues that form the
musculoskeletal system: bone, cartilage, dense fibrous tissue, and muscle. These
tissues differ in vascularity, innervation, mechanical and biological properties, and
composition, but they share a common origin from mesenchymal cells. Under-
standing of diseases and injuries of the musculoskeletal system and their treat-
ment depends on knowledge of these tissues. Failure to consider the biological and
mechanical properties of the tissues, tissue changes caused by disease or injury, or
the responses of the tissues to persistent changes in use can lead to misinterpreta-
tion of diagnostic information, suboptimal treatment decisions, and undesirable
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results of treatment. Furthermore, future advances in
the diagnosis and treatment of musculoskeletal prob-
lems will depend on increased knowledge of the cell
and matrix biology of the musculoskeletal tissues.

To provide the basis for understanding muscu-
loskeletal diseases and injuries, this chapter reviews
the structure and composition of the musculoskeletal
tissues and the organization of the musculoskeletal
system. The first section summarizes the distinctive
characteristics of connective tissues including mes-
enchymal cells and the matrices they synthesize. The
next sections review the structure, composition, and
properties of bone; periosteum; the dense fibrous tis-
sues (tendon, ligament, and joint capsule); tendon,
ligament, and joint capsule insertions into bone; ar-
ticular cartilage; growth cartilage; meniscus; syn-
ovium; muscle-tendon junction; and intervertebral
disc. Although skeletal muscle is not a connective tis-
sue, it is included in this chapter, because it forms a
critical part of the musculoskeletal system. The last
section discusses the formation and development of
the musculoskeletal system.

CONNECTIVE TISSUE

The gross and microscopic studies of nineteenth-
century histologists and pathologists led them to
view connective tissue as a continuous basic tissue,
or connecting substance, that extended throughout
the body and assumed specialized forms including
cartilage, periosteum, bone, tendon, fibrous septa,
and fascia in different locations without altering the
basic character of the tissue. The definition of basic
connective tissue structure proposed by Virchow,
“the greater part of the tissue is composed of inter-
cellular substance, in which, at certain intervals
cells are embedded,” remains unchanged.

The role of connective tissue is most apparent
in the musculoskeletal system, but all tissues and
organ systems of multicellular organisms depend
on connective tissue for mechanical support. The
parenchymal cells of liver, kidney, and brain could
not maintain the organization of these tissues or the
tissue functions without their structural connective
tissue framework. Normal function of the respira-
tory and cardiovascular systems depends on the
repetitive mechanical performance of the connective
tissues that form the airways and the blood vessels.

The group of specialized connective tissues that
form the supporting structure and joints of the mus-
culoskeletal system (bone, cartilage, dense fibrous
tissue ligaments, tendons, and joint capsules) have
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primarily mechanical functions. Because of their
obvious mechanical roles, and the prominence of
their matrix component relative to their cellular com-
ponent, these tissues are often regarded as homoge-
neous and inert. Yet, even in the mature skeleton they
remain metabolically active, the cells and matrices
are degraded and replaced, and the tissues respond
to hormonal, metabolic, and mechanical stimuli.

Mesenchymal Tissues Versus Epithelial
Tissues

During embryonic development two morphologic
and functional classes of tissues appear: epithelium
and mesenchyme. The skeletal connective tissues
originate from a subdivision of the mesenchyme.
Mesenchyme (Greek mesos, middle and enchyma, in-
fusion) refers to the location of mesenchyme between
the epithelial layers of endoderm and ectoderm. Epi-
thelial tissues may develop from endoderm, ecto-
derm, and mesoderm, but mesenchyme appears to
develop only from mesoderm.

The relationships of the cells to each other and
the relationship of the cells to the matrix distinguish
epithelia from mesenchyme. Epithelial cells form
sheets or layers of cells. They establish close relation-
ships with adjacent cells, frequently binding their
membranes together with specialized cell junctions
and devoting a large portion of their membranes to
contact with other cells. Epithelial tissues generally
have a sparse extracellular matrix, and a specialized
form of matrix, basement membrane, that frequently
serves as the bed for epithelial cells and separates
them from mesenchymal tissue. Mesenchymal cells
do not generally form sheets or layers. In the mes-
enchyme forming the skeletal connective tissues,
cells rarely establish extensive contact with other
cells and they surround themselves with an abun-
dant extracellular matrix consisting of a macromole-
cular framework synthesized by the cells and water
that fills the macromolecular framework. The cell
membranes bind to specific macromolecules within
the matrix, and although the cells may appear fixed
in place by the surrounding matrix, they can migrate
through the matrix.

Mesenchymal Cells

Undifferentiated mesenchymal cells not only can
move through the tissue, they have the potential to
divide rapidly and differentiate into specialized
musculoskeletal tissue cells including the cells of



cartilage, bone, dense fibrous tissues, and muscle.
Systemic factors including nutrition and hormonal
balance combined with local factors in the cell envi-
ronment such as the composition of the matrix, con-
centrations of oxygen, cytokines and nutrients, pH,
and mechanical forces influence mesenchymal cell
proliferation and differentiation. These systemic
and local factors interact with the genomic potential
of the cell to determine the progression from undif-
ferentiated stem cells to highly differentiated cells
like chondrocytes and osteocytes.

The progressive differentiation proceeds through
a series of stages with transition from one stage to
the next dependent on signals from the local envi-
ronment. The variety of forms these mesenchymal
cells can assume include blood, fat, and muscle cells
as well as the specialized connective tissue cells, fi-
broblasts, chondrocytes, osteoblasts, and osteocytes.
Cell differentiation creates persistent, but not neces-
sarily permanent changes in the cells. In general, the
differentiated cell form persists through many gen-
erations of the cell. Some cells, like chondrocytes,
rarely divide but maintain their differentiated form
for their entire life. During cell differentiation, the
cells not only change their form but also change
the types of molecules they synthesize and thus the
composition and organization of the matrix that sur-
rounds them.

Even in the skeletally mature individual, un-
differentiated mesenchymal cells persist. With in-
creasing age they may lose some of their capacity
for proliferation and differentiation, but they can
still respond to appropriate signals by migrating,
proliferating, and differentiating into the mature
cells of bone, cartilage, and dense fibrous tissue in-
cluding osteoblasts, osteocytes, chondrocytes, and
fibroblasts.

Mesenchymal Matrices

The matrices of the musculoskeletal tissues consist
of elaborate highly organized frameworks of organic
macromolecules filled with water. Light microscopic
examination of these matrices shows fibrils embed-
ded in an amorphous ground substance. Biochemi-
cal examination shows that the fibrils consist of
multiple types of collagen and elastin, the ground
substance consists primarily of water and proteogly-
cans, and the matrix contains another class of macro-
molecules called noncollagenous proteins. In
addition to an organic matrix, bone has an inorganic
matrix that consists primarily of calcium phosphate.
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Organic Matrix Macromolecules

COLLAGENS. Collagens give all connective tis-
sues their basic form and tensile strength, but the
tissues vary in collagen concentration and organiza-
tion, and in the types of collagens that form part of
their organic matrix. All collagens function as struc-
tural proteins in the extracellular matrix and a sig-
nificant portion of each collagen molecule consists
of a triple helix formed from three amino acid
chains (Figure 1-1). This helical structure gives the
molecules stiffness and strength.

More than 20 genes direct the synthesis of at
least 16 different types of collagen. Differences in
molecular topology and polymeric form divide the
13 known collagen types into three classes: class I
(fibrillar collagens), class II (basement membrane
collagens), and class III (short chain collagens). A
specific type of collagen may vary slightly among
tissues. For example, bone type I collagen, which
normally mineralizes, appears to differ in structure
and composition from tendon type I collagen, which
does not mineralize under normal conditions.

Class I Collagens (Fibrillar Collagens). Class I col-
lagens form the cross-banded fibrils seen by electron
microscopy in all connective tissues. The five colla-
gens in this group—types I, 11, III, V, and XI—have
triple helical domains consisting of about 1,000
amino acid residues in each of three polypeptide
chains. Type I collagen forms the principal matrix
macromolecule of skin, bone, meniscus, annulus fi-
brosis, tendon, ligament, joint capsule, and all other
dense fibrous tissues. Figure 1-2 shows the assembly
of type I collagen microfibrils. Type II collagen forms
the banded fibrils found in hyaline cartilage, the nu-
cleus pulposus of the intervertebral disc, and the vit-
reous humor of the eye. The “minor” fibrillar
collagens, types V and XI, also contribute to the ma-
trices of the connective tissues. Type V forms part of
the matrix in tissues containing type I collagen, usu-
ally about 3% of the amount of type I. Type XI forms
part of the type II collagen fibrils. Type III collagen
occurs in association with type I collagen in most tis-
sues other than bone and appears in repair tissue.

Class II Collagens (Basement Membrane Collagens).
The class II collagens—types IV, VII and VIII—
form critical parts of basement membranes. Type
IV contributes the major structural component of
basement membranes. Type VII acts as an anchor-
ing filament in epithelial basement membranes,
and type VIII forms part of endothelial basement
membranes.
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FIGURE 1-1. Type I collagen. (A) A stained microfibril of collagen exhibiting characteristic cross-
striations with a regular repeat period (D) of approximately 680 A. (B) A two-dimensional representa-
tion of the packing arrangement of tropocollagen macromolecules in the microfibril. (C) Each
tropocollagen molecule has large numbers of darkly staining bands, and five of these, which are sepa-
rated by a regular distance of 680 A, account for the repeat period (D) in the microfibril. The HZN-
terminal and probably the HOOC-terminal ends of the molecule are atypical and nonhelical in
structure and are called “telopeptides.” (D) Each tropocollagen molecule consists of three polypep-
tides, two with identical amino acid sequences (o; chains) and one with a slightly different amino acid
sequence (a; chain). Each a chain is coiled in a tight left-handed helix with a pitch of 9.5 A, and the
three chains are coiled around each other in a right-handed “super-helix” with a pitch of about 104 A.
(E) Gly occurs in every third position throughout most of the polypeptide chains, and large amounts
of Pro and Hypro occur in the other two positions. X and Y represent any amino acid other than Gly,
Pro, Hypro Lys, or Hys. (Grant ME, Prockop DJ. The biosynthesis of collagen. N Eng ] Med
1972;286:194, 242, 291)

Class III Collagens (Short Chain Collagens). The
forms and functions of class III collagens—types VI,
IX and X—remain less understood than the forms
and functions of the other classes of collagens. Type
VI collagen appears in small amounts in many tis-
sues. When examined by electron microscopy, it

appears as filamentous banded aggregates. These
aggregates often appear in the matrix immediately
surrounding cells. Type IX collagen forms covalent
bonds with type II collagen molecules and thus con-
tributes to the extracellular matrix of hyaline carti-
lage. It may influence type II collagen fibril diameter



FIGURE 1-2. Electron micrographs
showing the structure of proteoglycan
aggregates. (A) A large aggregate. The
central filament is hyaluronic acid and
the projecting side arms are proteogly-
can monomers. (B) A smaller proteogly-
can aggregate.

and the organization of the hyaline cartilage matrix.
Type X collagen occurs in the calcified cartilage re-
gion of the physis, articular cartilage, and bone frac-
ture callus. Although its limited distribution suggests
that it may have an important role in chondrocyte
enlargement or cartilage mineralization, its func-
tions remain unknown. The forms and functions
of types XII and XIII collagens likewise remain
unknown.

ELASTIN. Elastin, like collagen, forms protein
fibrils, but elastin fibrils lack the cross-banding pat-
tern seen in electron microscopic studies of fibrillar
collagens (Figure 1-3) and differ from collagens in
amino acid composition, confirmation of the amino
acid chains, and mechanical properties. In addition,
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elastin also forms lamellae or sheet-like structures.
Unlike collagen, elastin can undergo some deforma-
tion without rupturing or tearing. Following defor-
mation it returns to its original size and shape.
Amino acid chains of elastin contain two amino
acids not found in collagens (desmosine and
isodesmosine), and the elastin amino acid chains
form random coils, unlike the highly ordered triple
helices of collagens. The random coil confirmation
of the amino acid chains makes it possible for
elastin fibers and sheets to undergo some deforma-
tion without molecular damage and then resume
their original shape and size.

Elastin does not form part of the matrices of
hyaline cartilage or bone, and it contributes only a
small amount to the extracellular matrices most of
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other connective tissues. Trace amounts appear in
the intervertebral disc and meniscus. Many liga-
ments also have some elastin, usually less than 5%,
but a few ligaments, such as the nuchal ligament
and the ligamentum flavum, have high elastin con-
centrations, up to 75%.

PROTEOGLYCANS. Proteoglycans form the
major nonfibrillar macromolecule of the cartilage,
intervertebral disc, dense fibrous tissue, bone, and
muscle matrices. These musculoskeletal tissues
vary considerably in the concentration and possi-
bly the function of proteoglycans. The highest con-
centrations of proteoglycans occur in hyaline
cartilages and nucleus pulposus. In these tissues
the concentration of proteoglycans may approach
30 to 40% of the tissue dry weight, and these mole-
cules significantly influence fluid flow through the
matrix and help give the tissues stiffness to com-
pression and resilience. They may have similar
space-filling and mechanical roles in the other tis-
sues, but the much lower concentrations in these
tissues (in the dense fibrous tissues and bone, they
contribute at most a few percent of the dry weight)
make their effect on the tissue mechanical proper-
ties proportionately less. Muscle also contains spe-
cific types of proteoglycans, but they form only a
small fraction of the tissue.

Proteoglycan aggrecan molecules (formerly
called monomers), the basic units of proteoglycan
molecules, consist of polysaccharide chains cova-
lently bound to protein. Most types of proteogly-
cans contain relatively little protein, about 5% or

FIGURE 1-3. Electron micrograph
showing cross-banded collagen fibrils
lying parallel to an elastic fiber con-
sisting of multiple dark microfibrils
and regions of amorphous elastin.

less. Glycosaminoglycans, a special class of polysac-
charide consisting of repeating disaccharide units
containing a derivative of either glucosamine or
galactosamine and carrying one or two negative
charges, form the principal part of proteoglycan
molecules (Figure 1-4). Connective tissue gly-
cosaminoglycans include hyaluronic acid, chon-
droitin 4 sulfate, chondroitin 6 sulfate, dermatan
sulfate, and keratan sulfate.

Aggrecans (proteoglycan monomers) and Proteogly-
can Aggregates. Aggrecans consist of protein core
filaments with multiple covalently bound oligosac-
charides and longer chondroitin and keratan sul-
fate chains. Each glycosaminoglycan chain creates
a string of negative charges that bind water and
cations in solution. Because of this property, aggre-
cans can expand to fill a large domain in solution.
In most musculoskeletal tissues, an intact collagen
fibril network limits the swelling of the proteogly-
cans, but loss or degradation of the collagen fibril
network will allow a tissue that contains a high
concentration of large proteoglycans to swell, in-
creasing the water concentration, and the perme-
ability of the tissue.

Proteoglycan aggregates, consisting of a central
hyaluronic acid filament with multiple attached ag-
grecans and link proteins, may reach a length of
more than 10,000 nanometers with more than 300
aggrecans (Figure 1-2). Link proteins stabilize the
association between monomers and hyaluronic acid
and may have a role in directing the assembly of ag-
gregates in the matrix. Aggregates appear to help
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FIGURE 1-4. Diagrammatic
representation of the structures
of the glycosaminoglycans, chon-
droitin sulfate, keratan sulfate,
and hyaluronate. Chondroitin sul-
fate has two negative charges per

disaccharide and the others have
one. (From Buckwalter JA, Cooper
RR. The cells and matrices of
skeletal connective tissues. Chap-
ter 1. In: Albright JA, Brand RA,
eds. The Scientific Basis of Or-

CcO0~ CH,0803
H O\°71 Ho H °\ro-
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OH H/|, H H/
H OH H NHCOCH3
CH,OH CH,0S03
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thopaedics. Norwalk, CT: Apple-
ton & Lange, 1987:23)

anchor aggrecans within the matrix, preventing
their displacement and thereby organizing and sta-
bilizing the macromolecular framework. They also
help determine the permeability of the matrix and
thus the flow of water through the matrix.

Small Nonaggregating Proteoglycans. Small nonag-
gregating proteoglycans may contain chondroitin sul-
fate and dermatan sulfate. They consist of one or two
glycosaminoglycan chains covalently bound to a pro-
tein core. They form specific associations with colla-
gen fibrils and may influence matrix organization and
the ability of cells to bind to the matrix collagen fibrils.

NONCOLLAGENOUS PROTEINS. Less is known
about noncollagenous proteins and glycoproteins
than about the collagens, elastin, or proteoglycans.
Although they form part of the macromolecular
framework of musculoskeletal tissues, few noncol-
lagenous proteins have been identified and their
functions have not been well defined. Most of them
consist primarily of protein with small numbers of
attached monosaccharides and oliosaccharides. They
appear to have roles in the organization and main-
tenance of the macromolecular structure of the
matrix and in establishing and maintaining the rela-
tionships between the cells and the other matrix
macromolecules.

Examples of noncollagenous proteins found
within the musculoskeletal tissue matrices include
link protein, fibronectin, and tenascin. Link protein
helps organize and stabilize the extracellular matrix
through its effect on proteoglycan aggregation. Solu-
ble fibronectin occurs in many body fluids including

plasma, urine, amniotic fluid, and cerebral spinal
fluid. Insoluble or cellular fibronectin appears in
most musculoskeletal tissue matrices. Fibronectins
examined by electron microscopy appear as fine fila-
ments or granules. They may coat the surface of fib-
rillar collagens and associate with cell membranes.
Tenascin, another matrix glycoprotein, occurs in
perichondrium, periosteum, tendon, and muscle-
tendon junction.

Inorganic Matrix

Normal function of the musculoskeletal tissues
depends on rapid controlled mineralization (deposi-
tion of relatively insoluble mineral within the organic
matrix) of some organic matrices and prevention of
mineralization in others, yet the conditions that con-
trol and promote normal and pathologic mineraliza-
tion of musculoskeletal tissues remain poorly
understood. Bone, the growth plate cartilage longitu-
dinal septa, and a thin zone of articular cartilage or-
ganic matrices all mineralize normally. The organic
matrices of other cartilage regions and dense fibrous
tissues mineralize in association with certain dis-
eases including chondrocalcinosis, and muscle and
some dense fibrous tissues mineralize following
some injuries. The deposition of mineral in the or-
ganic matrix radically changes the properties of
the tissue. It increases stiffness and compressive
strength of bone, but pathologic mineralization of
cartilage and dense fibrous tissue may accelerate
or be associated with degenerative changes in
these tissues.
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BONE

The strength and stiffness of bone combined with
its light weight gives vertebrates their mobility, dex-
terity, and strength. Bone has an elaborate vascular
supply and several specific types of bone cells that
form and resorb the bone matrix. Like the other
musculoskeletal tissues, bone consists of mesenchy-
mal cells and an extracellular matrix, but unlike the
other tissues bone matrix mineralizes.

Structure

Gross Structure

BONE SHAPES. Bones assume a remarkable va-
riety of shapes and sizes. They vary in size from the
ear ossicles to the long bones of the leg. The variety
of shapes allows them to be classified into three
groups: long bones, short bones, and flat bones.
Long bones like the femur, tibia, or humerus have
an expanded metaphysis and epiphysis at either
end with thick walled tubular diaphysis. The thick
cortical walls of the diaphysis become thinner and
increase in diameter as they form the metaphysis,
and articular cartilage covers the epiphyses where
they form synovial joints. The metacarpals,
metatarsals, and phalanges, like the larger limb
bones, have the form of long bones. Short bones,
like the tarsals, carpals, and centra of the vertebrae,
have approximately the same length in all direc-
tions. Flat or tabular bones have one dimension that
is much shorter than the other two, like the scapula
or wing of the ilium.

CORTICAL AND CANCELLOUS BONE. Examina-
tion of the cut surface of a bone shows that the tis-
sue assumes two forms: the outer cortical or
compact bone and the inner cancellous or trabecu-
lar bone (Figure 1-5). Cortical bone forms about 80%
of the skeleton and surrounds the thin bars or plates
of cancellous bone with compact lamellae. In long
bones, dense cortical bone forms the cylindrical dia-
physis that surrounds a marrow cavity containing
little or no trabecular bone. In the metaphyses of
long bones, the cortical bone thins and trabecular
bone fills the medullary cavity. Short and flat bones
usually have thinner cortices than the diaphyses of
long bones and contain cancellous bone. Cancellous
and cortical bone modify their structure in response
to persistent changes in loading, hormonal influ-
ences, and other factors.

*  Musculoskeletal Tissues and the Musculoskeletal System

FIGURE 1-5. Longitudinal section of a human phalanx.
Outer lamellae of cortical bone surround the inner cancel-
lous bone. The metaphyses contain more cancellous bone
than the diaphysis and the thick cortical bone of the diaphysis
becomes thinner in the metaphysis. Larger bones like the
femur follow the same structural pattern. (From Buckwalter
JA, Cooper RR. Bone structure and function. In: AAOS In-
structional Course Lectures, XXXVI, Park Ridge, IL: Amer-
ican Academy of Orthopaedic Surgeons, 1987:27-48)

Because of their differences in density and or-
ganization, equal size blocks of cortical and cancel-
lous bone have different mechanical properties. The
two types of bone have the same composition, but
cortical bone has much greater density. Because the
compression strength of bone is proportional to the
square of the density, cortical bone has compressive
strength that may be in order of magnitude greater
than that of cancellous bone. Differences in the or-
ganization and orientation of cortical and cancel-
lous bone matrices may also make a difference in
their mechanical properties.

Microscopic Structure

MINERALIZED AND UNMINERALIZED BONE MA-
TRIX. During skeletal growth and bone remodel-
ing, osteoblasts form seams of unmineralized bone
organic matrix, called osteoid, on the surface of min-
eralized bone matrix. Normally, osteoid mineralizes
soon after it appears. Therefore, normal bone con-
tains only small amounts of unmineralized matrix.

Osteoid lacks the stiffness of mineralized bone
matrix. For this reason, failure to mineralize bone
matrix during growth or during normal turnover
of bone matrix in mature individuals produces
weaker bone. Individuals with impaired mineraliza-
tion of bone matrix may develop skeletal deformi-
ties or fractures. In children, the clinical condition
associated with impaired mineralization, rickets,
predisposes the patient to skeletal deformity. In
adults, the clinical condition associated with im-
paired mineralization, osteomalacia, predisposes
the patient to fractures.



WOVEN AND LAMELLAR BONE. Mineralized
bone exists in two forms: woven (immature, fiber,
or primary) bone and lamellar (mature, secondary)
bone. Woven bone forms the embryonic skeleton
and the new bone formed in the metaphyseal parts
of growth plates. Mature bone replaces this woven
bone as the skeleton develops and during skeletal
growth. Small amounts of woven bone may persist
after skeletal maturity as part of tendon and liga-
ment insertions, the suture margins of cranial
bones, and the ear ossicles. With these exceptions,
woven bone rarely appears in the normal human
skeleton after 4 or 5 years of age, although it is the
first bone formed in many healing fractures at any
age and it also appears during the rapid turnover
and formation of bone associated with metabolic,
neoplastic, and infectious or inflammatory diseases.

Woven and mature bone differ in mechanical
properties and the rate of bone formation. Cells rap-
idly form the irregular, almost random, collagen fib-
ril matrix of woven bone. The appearance of the
irregular arrangement of collagen fibrils gives
woven bone its name. It contains approximately
four times as many osteocytes per unit volume of
lamellar bone, and they vary in size, orientation,
and distribution. The mineralization of the woven
bone matrix also follows an irregular pattern with
mineral deposits varying in size and their relation-
ship to collagen fibrils. In contrast, cells form lamel-
lar bone more slowly and the cell density is less.
The collagen fibrils of lamellar bone vary less in di-
ameter and lie in tightly aligned parallel sheets
forming distinct lamellae 4 to 12 microns thick with
an almost uniform distribution of mineral through-
out the matrix.

Because of the lack of collagen fibril orientation,
the high cell and water content, and the irregular
mineralization, the mechanical properties of woven
bone differ from those of lamellar bone. It is more
flexible, more easily deformed, and weaker than
mature lamellar bone. For this reason, the immature
skeleton and healing fractures have less stiffness
and strength than the mature skeleton or a fracture
remodeled with lamellar bone.

Composition

Cells

The formation and maintenance of bone de-
pends on the coordinated actions of different
types of bone cells. The morphology, function, and
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characteristics of bone cells separate them into
four groups: undifferentiated or osteoprogenitor
cells, osteoblasts, osteocytes, and osteoclasts.

UNDIFFERENTIATED OR OSTEOPROGENITOR
CELLS. Undifferentiated or osteoprogenitor cells,
small cells with single nuclei, few organelles, and ir-
regular forms, remain in an undifferentiated state
until stimulated to proliferate or differentiate into
osteoblasts. They usually reside in the canals of
bone, the endosteum, and the periosteum, although
cells that can differentiate into osteoblasts also exist
in tissues other than bone.

OSTEOBLASTS. Osteoblasts, cuboidal cells with
a single, usually eccentric, nucleus, contain large
volumes of synthetic organelles: endoplasmic reticu-
lum and Golgi membranes (Figure 1-6). They lie on
bone surfaces where, when stimulated, they form
new bone organic matrix and participate in control-
ling matrix mineralization. When active, they as-
sume a round, oval, or polyhedral form and a seam
of new osteoid separates them from mineralized ma-
trix. Their cytoplasmic processes extend through the
osteoid to contact osteocytes within mineralized ma-
trix. Once they are actively engaged in synthesizing
new matrix, they can follow one of two courses.
They can decrease their synthetic activity, remain on
the bone surface, and assume the flatter form of a
bone surface lining cell or they can surround them-
selves with matrix and become osteocytes.

OSTEOCYTES. Osteocytes contribute more
than 90% of the cells of the mature skeleton. Com-
bined with the periosteal and endosteal cells, they
cover the bone matrix surfaces. Their long cytoplas-
mic processes extend from their oval- or lens-
shaped bodies to contact other osteocytes within the
bone matrix or the cell processes of osteoblasts,
forming a network of cells that extends from the
bone surfaces throughout the bone matrix (Figures
1-7 and 1-8). The cell membranes of the osteocytes
and their cell processes cover more than 90% of the
total surface area of mature bone matrix. This
arrangement gives them access to almost all the
mineralized matrix surface area and may be critical
in the cell mediated exchange of mineral that takes
place between bone fluid and the blood. In particu-
lar, they may help maintain the composition of bone
fluid and the body’s mineral balance.

OSTEOCLASTS. Osteoclasts, large irregular cells
with multiple nuclei, fill much of their cytoplasm
with mitochondria to supply the energy required for
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FIGURE 1-6. Electron micrograph of an osteoblast from demineralized rat alveolar bone showing
the arrangement of the organelles. Numerous collagen fibrils, which these cells secrete, are present in
the adjacent prebone or osteon and bone (#pper right). The procollagen, which is the precursor of the
collagen fibrils, is carried within secretory granules (arrowbeads) originating from the Golgi saccules.
Procollagen is released into the prebone by fusion of the secretory granule with the apical plasma
membrane of the cell. (X12,000) (From Melvyn Weinstock; Ham AW, Cormack DH. Histology, 8th
Ed. Philadelphia: JB Lippincott, 1979)

these cells to resorb bone. They usually lie directly
against the bone matrix on endosteal, periosteal, and
Haversian system bone surfaces (Figure 1-9), but un-
like osteocytes, and presumably osteoblasts, they can
move from one site of bone resorption to another. Os-
teoclasts appear to form by fusion of multiple bone-
marrow-derived mononuclear cells. When they have
finished their bone resorbing activity, they may di-
vide to reform multiple mononuclear cells.

One of the most distinctive features of osteo-
clasts is the complex folding of their cytoplasmic

membrane where it lies against the bone matrix at
sites of bone resorption (Figure 1-10). This ruffled or
brushed border appears to play a critical role in
bone resorption, possibly by increasing the surface
area of the cell relative to the bone and creating a
sharply localized environment that rapidly de-
grades bone matrix. The fluid between the brush
border and the bone matrix probably has a high
concentration of hydrogen ions and proteolytic en-
zymes: the acidic environment could demineralize
bone matrix, and the enzymes could degrade the
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FIGURE 1-7. A photomicrograph of a ground bone sec-
tion. The lacunae in which the osteocytes reside are dark
flattened oval structures. The fine lines connecting these are
canaliculi. The canaliculi extend to the empty canal on the
right. In life this contained blood vessels that supplied tissue
fluid to the canaliculi. (Preparation by H. Whittaker; Ham
AW, Cormack DH. Histology, 8th Ed. Philadelphia: JB Lip-
pincott, 1979)

organic bone matrix. In cancellous bone, osteoclasts
resorbing the bone surface create a characteristic
depression called a Howship’s lacuna. In cortical
bone, several osteoclasts lead the osteonal cutting
cones that remodel dense cortical bone.

Bone Matrix

Bone matrix consists of the organic macromol-
ecules, the inorganic mineral, and the matrix fluid.
The inorganic matrix component contributes ap-
proximately 70% of wet bone weight, although it
may contribute up to 80%. The organic macromol-
ecules contribute about 20% of the bone wet
weight and water contributes 8 to 10%. The or-
ganic matrix gives bone its form and provides its
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FIGURE 1-8. Low-power electron micrograph of an os-
teocyte and its processes in a section of decalcified bone.
The nucleus (0) and an arrow point to a process in a
canaliculus. Two processes in canaliculi cut in cross section
can be seen one near the upper right corner and the other
toward the lower left corner. (From S. C. Luk and G. T.
Simon; Ham AW, Cormack DH. Histology, 8th Ed.
Philadelphia: JB Lippincott, 1979)

tensile strength; the mineral component gives bone
strength in compression.

Removal of the bone mineral or digestion of the
organic matrix show the contributions of the inor-
ganic and organic matrix components to the me-
chanical properties of bone. Removal of either
component leaves bone with its original form and
shape, but demineralized bone, like a tendon or lig-
ament, has great flexibility. A demineralized long
bone, such as the fibula, can be twisted or bent
without fracture. In contrast, removal of the organic
matrix makes bone brittle. Only a slight deforma-
tion will crack the inorganic matrix and a sharp
blow will shatter it.

ORGANIC MATRIX. The organic matrix of bone
resembles that of dense fibrous tissues like tendon,
ligament, annulus fibrosis, meniscus, and joint cap-
sule. Type I collagen contributes over 90% of the or-
ganic matrix. The other 10% includes small



14 CHAPTER 1 e+ Musculoskeletal Tissues and the Musculoskeletal System

FIGURE 1-9. Photomicrograph of a cross section
of the shaft of a bone showing a resorption cavity in
cross or somewhat oblique section. The large dark
cells are osteoclasts; their activity explains the
etched-out borders of the cavity. (Ham AW, Cor-
mack DH. Histology, 8th Ed. Philadelphia: JB Lip-
pincott, 1979)

FIGURE 1-10. Electron micrograph of a section of a bone surface undergoing resorption. Calcified
bone appears black at the left. The main part of the picture is occupied by the cytoplasm of an osteo-
clast. Extending from the top to the bottom, in the middle of the picture, is the ruffled border of the
osteoclast; this consists of complex folds and projections that abut on the bone at the left. Between the
ruffled border of the osteoclast and the heavily calcified bone is an area where the calcium content is
much less, which suggests that the osteoclast is dissolving or otherwise removing mineral from this
area. Black granules of mineral can be seen in some of the large vesicles that are indicated by horizon-
tal arrows, and that probably form because of the bottom of crypts being pinched off. In the original
print a collagenic microfibril showing typical periodicity could be seen at this site indicated by the ver-
tical arrow. (X20,000) (From B. Boothroyd and N. M. Hancox; Ham AW, Cormack DH. Histology,
8th Ed. Philadelphia: JB Lippincott, 1979)



proteoglycans, many of noncollagenous proteins in-
cluding osteonectin and small amounts of type V
collagen and possibly other collagens.
Mineralization changes and stabilizes the compo-
sition of the bone organic matrix. Compared to bone
organic matrix, osteoid contains more noncollage-
nous macromolecules and water. Once mineraliza-
tion occurs, the organic matrix remains stable until
resorbed. Abnormalities of the organic matrix can
weaken bone. For example, many patients with os-
teogenesis imperfecta have disturbances of synthesis,
secretion, or assembly of the collagen component of
the bone organic matrix that increase bone fragility.

INORGANIC MATRIX. The mechanisms that ini-
tiate and control the transformation of osteoid into
mineralized bone matrix remain unclear, but mor-
phologic studies show that soon after osteoblasts
produce osteoid, mineral appears within the bone
type I collagen fibrils and then extends through the
matrix without altering the organization of the colla-
gen fibrils (Figure 1-11) or affecting osteocytes within
the mineralized matrix. Mineralization of the bone
matrix not only increases the stiffness and strength of
bone, it provides a reservoir for minerals needed for
normal function of other tissues and organ systems.
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The bone matrix contains about 99% of the body’s
calcium, 80% of the phosphate, and large propor-
tions of the sodium, magnesium, and carbonate.

Newly mineralized bone matrix contains a vari-
ety of calcium phosphate species that range from
relatively soluble complexes to insoluble crystalline
hydroxyapatite. As bone matures, the inorganic ma-
trix becomes primarily crystalline hydroxyapatite,
although sodium, magnesium, citrate, and fluoride
may also be present. Because the degree of mineral-
ization increases with maturation, the material
properties of bone change as well. In particular,
with increasing mineralization, bone stiffness in-
creases. This change helps explain why children’s
and adult’s bones may differ in their patterns of
fracture. When subjected to excessive load, normal
adult bone usually breaks rather than deforming
permanently. In contrast, children’s bones may bow
or buckle rather than break.

Control of Bone Cell Activity

Throughout life, osteoclasts remove bone matrix and
osteoblasts replace it. The reason for this physiologic
turnover of bone tissue has not been established, but

The ordered disposition of the dense mineral phase along the axial direction of the collagen fibrils is
evident. Note also that the mineral phase is in lateral register as well. (X110,000) (Glimcher MJ. A
basic architectural principle in the organization of mineralized tissues. Clin Orthop 1968:61:16)
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it may have a role in maintaining the structural in-
tegrity of the bone tissue. To preserve normal bone
mass and mechanical properties, osteoblastic bone
formation must balance osteoclastic bone resorp-
tion. A variety of stimuli can alter this balance. For
example, repetitive loading of the skeleton can in-
crease bone formation relative to bone resorption
and thereby increase bone mass and strength. Im-
mobilization decreases bone formation relative to
bone resorption, thereby decreasing bone mass and
strength.

Bone mass normally changes with age. It in-
creases to a maximum value about 10 years after
completion of skeletal growth, remains stable for a
variable period, and then begins to decrease, pro-
gressively weakening the skeleton. The reasons for
the age-related loss of bone mass and the mecha-
nisms that normally coordinate and control bone
cell function remain poorly understood, but investi-
gations of bone turnover show that both systemic
and local factors help control osteoclast and os-
teoblast function.

Systemic Factors

Systemic factors that influence the balance be-
tween bone resorption and bone formation in-
clude nutrition, exercise, and hormonal activity,
especially parathyroid hormone. Additional fac-
tors include Vitamin D and its metabolites, thy-
roid hormone, growth hormone, insulin, estrogens,
testosterone, and calcitonin. Dietary abnormali-
ties, lack of physical activity, and some distur-
bances of hormone balance are the most common
known causes of clinically significant systemic in-
creases in bone resorption relative to bone forma-
tion. Protein deficiency impairs bone formation
during bone growth and remodeling. Prolonged
lack of exercise will decrease bone mass. Vitamin
D deficiency and abnormalities of Vitamin D me-
tabolism produce rickets or osteomalacia. Exces-
sive parathyroid hormone increases bone turnover
and decreases bone mass; excessive thyroid hor-
mones can have similar effects. Exogenous corti-
costeroids decrease the synthetic activity of
osteoblasts and may interfere with the ability of
undifferentiated cells to assume the form of os-
teoblasts and adversely affect calcium balance. As
a result, patients receiving corticosteroids for pro-
longed periods may develop severe osteopenia
and multiple pathologic fractures. Estrogen also
influences bone cell function. In many women,
bone mass begins to decrease rapidly after
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menopause and then continues to decrease rap-
idly for 5 to 10 years. Estrogen replacement can
slow or reverse this rapid loss.

Local Factors

In addition to systemic factors, local factors in-
cluding oxygen tension, pH, local ion concentrations,
interactions between cells, local concentrations of nu-
trients and metabolites, mechanical and electrical
signals, and interaction between cells and matrix
molecules can influence the balance between bone
loss and bone formation. Localized mechanical load-
ing of bone has particular significance. Immobiliza-
tion or decreased loading of a limb causes a relatively
rapid loss of bone mass whereas repetitive increased
loading can increase bone density.

Recent work suggests that cytokines, small
protein molecules that influence multiple cell
functions, can influence bone cell function and
may help couple bone resorption and formation.
Cytokines produced by neoplasms may increase
bone formation or, more frequently, increase bone
resorption. Interleukin-1, a cytokine produced by
monocytes, stimulates osteoclast formation and
osteoclastic bone resorption. It may contribute to
the loss of bone in conditions like rheumatoid
arthritis. Transforming growth factor 3, a cytokine
present in bone matrix, may be one of the factors
that balances bone resorption and bone formation.
Osteoclastic resorption of bone matrix may release
or activate transforming growth factor B. Acti-
vated transforming growth factor 8 then may in-
hibit osteoclastic activity and stimulate osteoblasts
to form bone.

Blood Supply

An elaborate system of vessels extends throughout
bone, penetrating even the densest cortical bone
(Figure 1-12). No cell lies more than 300 microns
from a blood vessel.

Long bone diaphyses and metaphyses have
three sources of blood supply: nutrient arteries, epi-
physeal and metaphyseal penetrating arteries, and
periosteal arteries (Figure 1-13). The nutrient arteries
pass through the diaphyseal cortex and branch prox-
imally and distally forming the medullary arterial
system that supplies the diaphysis. The proximal and
distal branches of the nutrient arteries join multiple
fine branches of periosteal and metaphyseal arteries
that contribute to the medullary vascular system.
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FIGURE 1-12. Distribution of nutrient blood supply to the diaphyseal and epiphyseal regions of a
long bone. (A) Basic pattern of nutrient circulation to a long bone (human tibia). (B) Pattern of cir-
culation in epiphyseal-metaphyseal region. Arteries perforate thin cortical shell to enter cancellous
bone. (C) Structure of cancellous bone. (D) A trabeculae of bone. Capillaries abut against thin tra-
becula. In thicker trabecula, an osteon can be seen. (B”) Cross section of mid diaphysis. Here there is
a single nutrient artery and vein. Lateral branches arise from the artery to supply the cortical bone.
(C") Cortical bone. Osteons and interstitial bone between osteons. (D”) Diagrammatic concept of a
single osteon canaliculi of the osteocytes are canals in which the processes of the osteocytes are lo-
cated. It is by way of these canaliculi that nutrition if derived from the vessels in the Haversian canal
(Kelly PJ, Peterson LFA. The blood supply of bone. Heart Bull 1963;12:96)

Under normal circumstances this medullary vascular
system supplies most of periosteum covered bone,
therefore the primary direction of blood flow through
the cortex is centrifugal. In regions of dense fascial
insertions into bone, such as muscle insertions or in-
terosseous membrane insertions, periosteal or inser-
tion site vessels usually supply the outer third of the
bone cortex.

Before closure of the physis, medullary vessels
rarely cross the growth plate, and epiphyses depend
on penetrating epiphyseal vessels for their blood
supply. With closure of the physis, interosseous
anastomoses develop between the penetrating epi-
physeal arteries and the medullary arteries, but
these anastomoses rarely provide sufficient blood
flow to support the epiphyseal bone cells without
the contribution of the epiphyseal vessels. For this

reason, even after closure of the physis, the blood
supply to many epiphyses is vulnerable to interrup-
tion. This is a particular problem in the region of the
femoral head where a dislocation of the hip or dam-
age to the epiphyseal penetrating vessels can cause

necrosis and eventually collapse of the femoral
head.

Nerve Supply

Nerve fibers have been identified within the
medullary canals of bone and particularly in associ-
ation with blood vessels. Presumably, these nerves
have the primary function of controlling bone blood
flow. Specialized complex nerve endings have not
been described within bone tissue.
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Except for the articular cartilage surfaces and the in-
sertions of tendons, ligaments, joint capsules, and in-
terosseous membranes, a tough thin membranous
fibrous tissue, the periosteum, covers the external
surface of bone. It allows some ligaments, tendons,
and joint capsules to attach to bone and also provides
a source of cells that can form new bone or cartilage.

Structure

Two tissue layers form the periosteum: an outer fi-
brous layer and an inner more cellular and vascular
layer (Figure 1-14). The outer layer consists of a
dense fibrous tissue matrix and fibroblast-like cells.
Tendon, ligament, and joint capsule insertions that

) ...~ Meduilary sinusoids

.Interfascicular veins and
capillgries in muscle

Large emissary vein

Transverse epiphyseal
\_.- venous channel

Tvenous sinus

End-orterial terminals

Venous sinusoids and
~“metaphyseal veins

FIGURE 1-13. Blood supply of a long
bone. Three basic blood supplies are
shown: (1) nutrient; (2) metaphyseal,
which anastomoses with epiphyseal after
epiphyseal closure; and (3) periosteal.
The numerous metaphyseal arteries arise
from periarticular networks and anasto-
mose with terminal branches of ascend-
ing and descending medullary arteries.
Periosteal capillaries emerge from the
cortex (efferent blood flow). (4) A pe-
riosteal arteriole feeds capillaries that
provide afferent blood flow to a limited
outer layer of cortex (Rhinelander FW.
Circulation of bone. In: Bourne GH
(ed). The Biochemistry and Physiology
of Bone, 2nd Ed. New York: Academic
Press, 1972: 2)

do not penetrate directly into bone attach to this
layer. In some regions, the dense fibrous tissue in-
sertions form a continuous sheet or membrane of
tissue with the periosteum. The inner osteogenic, or
cambium, layer contains cells capable of forming
cartilage and bone.

Periosteum changes with age. The thick cellular
vascular periosteum of infants and children readily
forms new bone. It shows this capacity when os-
teomyelitis or trauma destroys the diaphysis of a
young individual’s bone and the periosteum regener-
ates a new diaphysis. With increasing age periosteum
becomes thinner and less vascular and its ability to
form new bone declines. The cells of the deeper layer
become flattened and quiescent, although they con-
tinue to form new bone that increases bone diameter
and they still have the potential to form bone or carti-
lage in response to injury.



FIGURE 1-14. A longitudinal
section of a rabbit’s rib close to a
fracture that had been healing for
ashort time. During this time the &
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bone. Within the periosteum the i re
fibrous layer is labeled FIB.L., =

the osteogenic layer, OS.L., and

the layer of osteoblasts, OB.

Within the layer of new bone the
intercellular substance is labeled = w - -
LS., and osteocyte in a lacuna is - —
labeled O.S.in LAC., and the ce-

menting line between the new
bone and the old is labeled C.L.
Within the old bone intercellular
substance is labeled I.S., an os-
teocyte in a lacuna, O.S. in LAC,,
and a blood vessel in a canal is la-
beled B.V. (Ham AW, Cormack
DH. Histology, 8th Ed. Philadel-
phia: JB Lippincott, 1979)

Blood Supply

In many areas a plexus of small vessels lies on the
outer fibrous layer of the periosteum. At intervals
these periosteal blood vessels anastomose with the
vessels of the overlying muscle. Branches of the ves-
sels on the surface of the periosteum penetrate the
fibrous layer and contribute to the vascular system
of the deeper layer of the periosteum and to the
blood vessels that penetrate bone to join the
medullary vascular system.

Nerve Supply

Nerve cell processes lie on the external periosteal sur-
face and often accompany periosteal blood vessels.
Presumably, they help regulate periosteal blood flow.

TENDON, LIGAMENT,
AND FOINT CAPSULE

The specialized musculoskeletal dense fibrous
tissues—tendon, ligament, and joint capsule—have
a major role in providing the stability and mobility
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of the musculoskeletal system. These tissues differ
in shape and location, and vary slightly in structure,
composition, and function, but they have in com-
mon their insertion into bone and their ability to re-
sist large tensile loads with minimal deformation.
Tendons transmit the muscle forces to bone that pro-
duce joint movement; ligaments and joint capsules
stabilize joints and the relationships between adja-
cent bones while allowing and guiding joint move-
ment. Diseases or injuries that affect these tissues
can destabilize joints or lead to loss of muscle func-
tion. Contractures of these tissues limit muscle and
joint motion and contribute to skeletal deformity.

Structure

Tendons, ligaments, and joint capsules take the form
of tough yet flexible and pliant fibrous sheets, bands,
and cords that consist of highly oriented dense fi-
brous tissue. The high degree of matrix organization
and density of the matrix (reflecting a high concen-
tration of collagen) (Figure 1-15) distinguish these
tissues from irregular dense fibrous tissues and loose
fibrous tissues.
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Tendon

Tendons vary in shape and size from the small
fibrous strings that form the tendons of the lumbri-
cal muscles to the large fibrous cords that form the
Achilles tendons, but in any shape or size they unite
muscle with bone and transmit the force of muscle
contraction to bone. They consist of three parts: the
substance of the tendon itself, the muscle-tendon
junction, and the bone insertion (Figure 1-16). Con-
nective tissues surrounding tendons allow low fric-
tion gliding and access for blood vessels to the tendon
substance. Many tendons have a well-developed
mesotendon, a structure that attaches the tendon
to the surrounding connective tissue and consists
of loose elastic connective tissue that can stretch
and recoil with the tendon and provide a blood

*  Musculoskeletal Tissues and the Musculoskeletal System

FIGURE 1-15. Electron micrographs of
the type I collagen fibrils of ligament. (A)
A longitudinal section shows the densely
packed highly oriented collagen microfib-
rils. (B) A transverse section also shows the
densely packed collagen microfibrils.

supply to the tendon substance. In certain loca-
tions, the surrounding connective tissue forms
sheaths that enclose the tendon, and specialized
pulleys of dense fibrous tissue that influence the
line of tendon action.

TENDON SUBSTANCE. Multiple fascicles or
bundles, consisting of fibroblasts and dense linear
arrays of collagen fibrils, form the tendon sub-
stance and give tendons their fibrous appearance.
The endotendon—a less dense connective tissue
containing fibroblasts, blood vessels, nerves, and
lymphatics—surrounds individual tendon fascicles.
The separation of tendon fascicles by endotendon
may allow small gliding movements between adja-
cent tendon bundles. The endotendon tissue contin-
ues to form the epitenon, a thin layer of connective
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FIGURE 1-16. Diagrammatic representation of the tibialis
anterior tendon showing the muscle-tendon junction, the
tendon substance, and the bone insertion. The epimysium
and endomysium of muscle and the epitenon and endotenon
of tendon form continuous structures. The epimysium con-
sists of a fibrous envelope that surrounds the muscle, and the
endomysium consists of the fine sheaths that surround indi-
vidual muscle fibers. Permysium refers to the fibrous sheath
enveloping primary bundles of muscle fibers. Loose connec-
tive tissue surrounds the tendon proximally where it pursues
a straight course, but a sheath forms distally where it
changes direction. (From Buckwalter JA, Maynard JA, Vailis
AC. Skeletal fibrous tissues: tendon, joint capsule, and liga-
ment. Chapter 14. In: Albright JA, Brand RA, eds. The Sci-
entific Basis of Orthopaedics. Norwalk, CT: Appleton &
Lange, 1987:388)

tissue that covers the surface of the tendon. Where
the tendon joins the muscle, the fibrous tissue of the
epitenon continues as the thin fibrous covering of
the attached muscle called the epimysium.

MUSCLE-TENDON FUNCTIONS. Muscle-tendon
junctions must efficiently transmit the force of muscle
contraction to the tendon. The attachment of muscle
to tendon occurs through continuation of the collagen
fibrils of the fibrous tissue layers of muscle (epimy-
sium, perimysium, and endomysium) into the colla-
gen fibrils of the tendon and through elaborate
interdigitation of the muscle cell membrane with the
collagen fibrils of the tendon. This interdigitation of
muscle cell and tendon has the appearance of inter-
locking fingers when examined by electron mi-
croscopy, and provides a strong bond between the
muscle cell and the tendon collagen. Collagen fibrils
do not enter the muscle cells but lie next to their base-
ment membranes. The muscle cell plasma membrane
thickens at the muscle-tendon junction and muscle
myofilaments extend directly to it.
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PERITENDONOUS STRUCTURES. Normal ten-
don gliding, efficient transmission of muscle forces to
move joints and tendon nutrition, depend on the peri-
tendonous connective tissue structures sometimes
called peritenon. These structures range from loose
connective tissue to elaborate well-defined mesoten-
dons, sheaths, and pulleys.

Where tendons follow a straight course, the sur-
rounding tissue usually consists of loose areolar tis-
sue. In some locations, this tissue must stretch
several centimeters and then recoil without tearing
or disrupting the tendon blood supply. It consists of
an interlacing meshwork of thin collagen fibrils and
elastic fibers filled with abundant soft, almost fluid
ground substance.

Where tendons change course between their
muscle attachment and their bone insertion, often
as they cross or near a joint, the surrounding con-
nective tissue may form a bursa or a discrete ten-
don sheath. These structures allow low friction
movement between the tendon and adjacent bone,
joint capsule, tendon, ligament, fibrous tissue reti-
nacula, or fibrous tissue pulleys. Tendon bursae
and sheaths consist of flattened synovial-lined
sacks that usually cover only a portion of the ten-
don circumference. Tendon sheaths and bursae re-
semble synovial joints in that they consist of
cavities lined with synovial-like cells, they contain
synovial-like fluid, and they facilitate low friction
gliding between two surfaces. Mesotenons gener-
ally attach to one surface of a tendon within a ten-
don sheath and provide the blood supply to this
portion of the tendon.

Distinct dense fibrous tissue retinacula, pulleys,
or fascial slings lie over the outer surface of some re-
gions of tendon sheaths. These firm fibrous struc-
tures direct the line of tendon movement and
prevent displacement or bowstringing of the ten-
don that would decrease the efficiency of the muscle-
tendon unit. For example, the dense fibrous tissue
(extensor tendon retinacula) of the wrist keep the
wrist and digital extensor tendons from displacing
dorsally when they extend the fingers and dorsiflex
the wrist. The flexor tendons of the fingers and
thumb pass through a more elaborate series of pul-
leys and sheaths that make efficient finger flexion
possible.

Joint Capsule and Ligament

Joint capsules and ligaments have similar struc-
tures and functions, and in some regions ligament
and capsule form a continuous structure. Like ten-
dons, both of them consist primarily of high-oriented,
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densely packed collagen fibrils. Unlike tendons, they
more often assume the form of layered sheets or
lamellae. Both ligament and capsule attach to adja-
cent bones and cross synovial joints, yet allow at least
some motion between the bones. Ligaments have the
primary function of restraining abnormal motion be-
tween adjacent bones. Joint capsules also restrain ab-
normal joint motion or displacement of articular
surfaces, but usually to a lesser extent. Both capsule
and ligament consist of a proximal bone insertion,
ligament, or capsular substance and a distal bone in-
sertion, and both contain nerves that may sense joint
motion and displacement.

JOINT CAPSULE. Joint capsules form fibrous
tissue cuffs around synovial joints. A synovial mem-
brane lines the interior of the joint capsule and loose
areolar connective tissue covers the exterior. This
loose tissue often contains plexes of small blood
vessels that supply the capsule. Nerves and blood
vessels from this loose connective tissue penetrate
the fibrous capsule to supply the capsule and outer
later of synovium. Each end of the capsule attaches
in a continuous line around the articular surface of
the bones forming the joint, usually near the periph-
ery of the articular cartilage surface. Tendons and
ligaments reinforce some regions of joint capsules.
For example, the glenohumeral ligaments form part
of the glenohumeral joint capsule and the expan-
sion of the semimembranosus tendon contributes to
the posterior oblique ligament of the knee and part
of the knee joint capsule.

LIGAMENT. Surgeons and anatomists have
named ligaments by their location and bony attach-
ments (for example, the anterior glenohumeral liga-
ment or the anterior talofibular ligament) or by their
relationship to other ligaments (the medial collateral
ligament of the knee or the posterior cruciate liga-
ment of the knee). Unlike joint capsules, ligaments
vary in their anatomic relationship to synovial joints.
This variability separates ligaments into three types:
intra-articular or intracapsular ligaments, articular or
capsular ligaments, and extra-articular or extracap-
sular ligaments. Intra-articular ligaments, including
the cruciate ligaments of the knee, have the form of
distinct separate structures. In contrast, capsular liga-
ments, like the glenohumeral ligaments, appear as
thickenings of joint capsules. Extra-articular liga-
ments, like the coracoacromial ligament, lie at a dis-
tance from a synovial joint. Despite these differences
in relationship to joints, the function of the three liga-
ment types remains that of stabilizing adjacent bones
or restraining abnormal joint motion.

*  Musculoskeletal Tissues and the Musculoskeletal System

Composition

Individual tendons, ligaments, and capsules differ
slightly in cell and matrix composition; but they
all contain the same basic cell types, share similar
patterns of vascular supply and innervation, and
have the same primary matrix macromolecule,
type I collagen.

Cells

Fibroblasts form the predominant cell of ten-
don, ligament, and joint capsule. The endothelial
cells of blood vessels, and in some locations nerve
cell processes, exist within tendon, ligament, and
joint capsule, but they form only a small part of the
tissue. The fibroblasts surround themselves with a
dense fibrous tissue matrix and throughout life con-
tinue to maintain the matrix. They vary in shape, ac-
tivity, and density among ligaments, tendons, and
joint capsules and among regions of the same struc-
ture. Most dense fibrous tissue fibroblasts have long
small diameter cell processes that extend between
collagen fibrils throughout the matrix. Generally,
younger tissues have a higher cell density and cells
with a larger cytoplasmic volume and intracellular
density of endoplasmic reticulum. With increasing
age, the cell density usually decreases and the cells
appear to become less active.

Matrix

Tissue fluid contributes 60% or more of the wet
weight of most dense fibrous tissues, and the matrix
macromolecules contribute the other 40%. Because
most dense fibrous tissue cells lie at some distance
from blood vessels, these cells must depend on dif-
fusion of nutrients and metabolites through the tis-
sue fluid. In addition, the interaction of the tissue
fluid and the matrix macromolecules influences the
mechanical properties of the tissue.

Collagens, elastin, proteoglycans, and noncol-
lagenous proteins combine to form the macromol-
ecular framework of the dense fibrous tissues.
Collagens, the major component of the dense fi-
brous tissue molecular framework, contribute 70 to
80% of the dry weight of many dense fibrous tis-
sues. Type I collagen commonly forms more than
90% of the tissue collagen. Type III collagen also oc-
curs within the dense fibrous tissues; in some tis-
sues it forms about 10% of the total collagen, and
other collagen types may also be present in small
amounts. Most dense fibrous tissues have some
elastin, less than 5% of their dry weight, but some



ligaments, in particular the nuchal ligament and lig-
amentum flavum, have much higher elastin concen-
trations, up to 75% of the tissue dry weight.
Proteoglycans usually contribute less than 1% of the
dry weight of dense fibrous tissues, but may have
important roles in organizing the extracellular ma-
trix and interacting with the tissue fluid. Most
dense fibrous tissues appear to contain both large
aggregating proteoglycans and small nonaggregat-
ing proteoglycans. The large proteoglycans presum-
ably occupy the interfibrillar regions of the matrix
and the small proteoglycans lie directly on or near
the surface of collagen fibrils. Noncollagenous pro-
teins also form a critical part of the dense fibrous tis-
sue matrix even though they contribute only a few
percent to the dry weight of most of the tissues. Fi-
bronectin occurs in all dense fibrous tissues; other
noncollagenous proteins also contribute to the
structure of these tissues, but their composition,
structure, and function have not been well defined.

Insertions into Bone

The bony insertions of tendons, ligaments, and joint
capsules attach the flexible dense fibrous tissue se-
curely to rigid bone, yet they allow motion between
the bone and the dense fibrous tissue without dam-
age to the dense fibrous tissue. Despite their small
size, insertions have a more complex and variable
structure than the substance of the tissue; and they

Tendon, Ligament, and Joint Capsule 23

have different mechanical properties. They vary in
size, strength, and the angle of their collagen fiber
bundles relative to the bone and in the proportion of
their collagen fibers that penetrate directly into bone.
Based on differences in the angle between the colla-
gen fibers of the dense fibrous tissue structure and
the bone and on the proportion of collagen fibrils
that penetrate directly into bone, dense fibrous tissue
insertions can be separated into two types: direct in-
sertions (insertions where many of the collagen fib-
rils pass directly into bone) and indirect or periosteal
insertion (insertions where only a few of the collagen
fibrils pass directly into bone) (Figure 1-17).

Direct Insertions

Direct insertions, like the insertion of the me-
dial collateral ligament of the knee into the femur,
consist of sharply defined regions where the liga-
ment joins the bone; only a thin layer of the sub-
stance of the ligament, tendon, or capsule joins the
fibrous layer of the periosteum. Most of the collagen
fibrils at the insertion pass directly from the sub-
stance of the tendon, ligament, or joint capsule into
the bone cortex, usually entering at a right angle to
the bone surface. These fibrils then mingle with the
collagen fibrils of the organic matrix of bone creat-
ing a strong bond between the tendon, ligament, or
capsule and the bone matrix. Where dense fibrous
tissue structures approach the bone surface at
oblique angles, the collagen fibrils may make a
sharp turn to enter the bone at a right angle.

Ligament

Fibrocartilage

Mineralized
Fibrocartilage

Bone

FIGURE 1-17. Diagrammatic representations of direct and indirect dense fibrous tissue insertions
into bone. (A) In direct insertions, a high proportion of the collagen fibers pass directly into bone, and
the fibrocartilage and mineralized fibrocartilage zones are well developed. (B) In indirect insertions, a
high proportion of the collagen fibers pass into the periosteum and the fibrocartilage and mineralized
fibrocartilage zones often are not well developed. (From Buckwalter JA, Maynard JA, Vailis AC.
Skeletal fibrous tissues: tendon, joint capsule, and ligament. Chapter 14. In: Albright JA, Brand RA,
eds. The Scientific Basis of Orthopaedics. Norwalk, CT: Appleton & Lange, 1987: 391)



24 CHAPTER 1

The deeper collagen fibers that enter the bone
pass through four zones of increasing stiffness: the
substance of the dense fibrous tissue structure, fi-
brocartilage, mineralized fibrocartilage, and bone.

In the fibrocartilage zone, the cells are larger
than the fibroblasts of the tendon, joint capsule, or
ligament and more spherical. A sharp border of un-
mineralized matrix separates the zone of fibrocarti-
lage from the mineralized fibrocartilage zone.

Indirect Insertions

The less common indirect insertions, like the in-
sertion of the medial collateral ligament of the knee
into the tibia, usually cover more bone surface area
than direct insertions because a larger proportion of
their collagen fibrils join the periosteum. Like direct
insertions, indirect insertions have superficial and
deep collagen fibrils, but most of their collagen fib-
rils form the superficial layer that joins the fibrous
layer of the periosteum. The deep collagen fibrils
enter the bone cortex, but they generally do not pass
through sharply defined zones of mineralized and
unmineralized fibrocartilage.

Blood Supply

Most dense fibrous tissues have well-developed
networks of blood vessels extending throughout
their substance. Generally, these vascular systems
follow the longitudinal pattern of the collagenous
matrix, but they may have multiple anastomoses
between parallel vessels. Some blood vessels in ten-
don, ligament, and joint capsule insertions enter the
bone.

Nerve Supply

In addition to nerve cell processes next to blood ves-
sels, like those found in periosteum and bone, dense
fibrous tissues have specialized nerve endings that
lie on the surface or within the substance of the tis-
sue. Presumably, the nerve fibers in the dense fi-
brous tissues function as pain receptors, vasomotor
efferents, and mechanoreceptors sensitive to stretch-
ing or distortion. The mechanoreceptors presum-
ably sense joint position, muscle tension, and loads
applied to ligaments, capsules, and tendons. In ten-
dons, they can adjust muscle tension. In ligaments
and capsules, they may have a role in initiating pro-
tective reflexes that oppose potentially damaging
joint movements.
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MENISCI

Like articular cartilages, menisci perform important
mechanical functions in synovial joints including
load bearing, shock absorption, and participation in
joint lubrication. They may also contribute to joint
stability. Menisci and meniscus-like structures con-
sist of dense fibrous tissue, or fibrocartilage, and
project from the margins of synovial joints to inter-
pose themselves between articular cartilage sur-
faces. They include the knee menisci (two C-shaped
menisci that lie on the tibial plateaus and form part
of the knee joint), the articular discs of the stern-
oclavicular and acromioclavicular joints, the trian-
gular fibrocartilage that binds the distal ends of the
ulna and radius together and forms part of the wrist
joint, and the labra found in some joints like the hip
and shoulder. Because the structures other than the
knee menisci have not been extensively studied,
this section refers only to the knee menisci.

Structure

Within the knee, menisci collagen fibril diameter and
orientation and cell morphology vary from the sur-
face to the deeper central regions. The superficial re-
gions that lie against articular cartilage usually
consist of a mesh of fine fibrils. Immediately deep to
these fine fibrils, small diameter collagen fibrils with a
radial orientation relative to the body of the meniscus
form a thicker subsurface layer. The flattened ellip-
soid shaped cells of this layer orient their maximum
diameter roughly parallel to the articular surface. In
the deeper central or middle region, the bulk of the
meniscus is made up of large diameter collagen fibril
bundles that surround larger cells with a more spher-
ical shape. The deeper collagen fibril bundles follow
the curve of the menisci and smaller radially oriented
fibril bundles weave among the circumferential fibril
bundles. The circumferential arrangement of the
large collagen bundles gives the menisci great tensile
strength for loads applied parallel to the orientation
of the fibers. The radial fibers may resist the develop-
ment and propagation of longitudinal tears between
the larger circumferential collagen fiber bundles.

Composition

Cells

Meniscal cells, like many other types of mes-
enchymal cells, lack cell-to-cell contacts and attach
their membranes to specific matrix macromolecules.



They have the primary function of maintaining the
meniscal matrix. Most of them lie at a distance from
blood vessels, so like chondrocytes, they rely on dif-
fusion through the matrix for transport of nutrients
and metabolites.

Matrix

Water contributes 60 to 75% of the total wet
weight of meniscus. As in the other musculoskeletal
tissues, the interactions between the matrix fluid
and the macromolecular framework significantly
influence the mechanical properties of menisci.

The macromolecular framework of meniscus
contributes 25 to 40% of the meniscus wet weight and
consists of collagens, noncollagenous proteins, pro-
teoglycans, and elastin. The collagens give menisci
their form and tensile strength and contribute ap-
proximately 75% of the dry weight of the tissue. Type
I collagen makes up more than 90% of the total tissue
collagen. Type II collagen, type V collagen, and type
VI collagen each contribute 1 to 2% of the total tissue
collagen. Noncollagenous proteins, including link
protein, fibronectin, and other noncollagenous pro-
teins, contribute 8 to 13% of the dry weight. Large ag-
gregating proteoglycans and smaller nonaggregating
proteoglycans together contribute about 2% of menis-
cal dry weight. Presumably they have functions like
the proteoglycans found in other dense fibrous tis-
sues. Elastin forms less than 1% of the tissue dry
weight. This small amount of elastin probably does
not significantly influence the organization of the ma-
trix or the mechanical properties.

Blood Supply

Most menisci and meniscal-like structures have
some blood supply, at least in their more peripheral
regions. Branches from the geniculate arteries form
a capillary plexus along the peripheral borders of
the knee menisci. Small radial branches project from
the circumferential parameniscal vessels into the
meniscal substance. These vessels penetrate into 10
to 30% of the width of the medial meniscus and 10
to 25% of the width of the lateral meniscus, leaving
the cells of the inner portions of the menisci de-
pendent on diffusion of nutrients and metabolites.

Nerve Supply

Nerves lie on the peripheral surface of the knee
menisci and other meniscal-like structures. Although
these nerves enter the more superficial regions of
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some parts of the tissue, they generally do not pene-
trate into the central regions. The functions of these
nerve endings have not been clearly defined, but
they may contribute to joint proprioception.

SYNOVIUM

Synovium lines the nonarticular regions of syn-
ovial joints and the bursae and sheaths of tendons.
In synovial joints, synovium attaches directly
around the margins of the articular cartilage. It
covers the inner surfaces of the joint capsule, bone
surfaces, and intra-articular ligaments and ten-
dons. Normally it does not extend over articular
cartilage, intra-articular discs, or menisci. When
examined from inside a joint, most of the synovial
membrane has a smooth even surface, but some
regions may have small projections or villi, and in
others the synovium may form folds or fringes
that project into the joint cavity. Fat lying outside
the synovial membrane contributes to the ability
of synovium to fill potential spaces in the joint
cavity.

Structure

Synovial membranes consist of two layers: an inner
intimal layer and a peripheral subintimal layer that
lies on joint capsule or periarticular fat. Both layers
vary in thickness among joints and among different
regions of the same joint.

Intima

In most areas the intima consists of one or more
layers of synovial cells in an amorphous matrix. The
cells vary considerably in shape from flattened el-
lipsoids, to elongated cells, to polyhedral or spheri-
cal cells, and they may have cell processes. The
synovial cells do not form a continuous layer; in
some regions they leave gaps between cell mem-
branes that fill with extracellular matrices. Unlike
epithelial cells, the superficial synovial cells do not
lie on a basement membrane.

Two types of synovial cells (A and B cells) have
been identified. Type A cells have surface filopodia,
plasma membrane invaginations, and vesicles.
They contain mitochondria, lysosomes, cytoplasmic
filaments, and Golgi membranes. B cells lack most
of these characteristics, but contain a high concen-
tration of endoplasmic reticulum. Some investiga-
tors have proposed that A and B cells have different
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primary functions: they suggest that A cells pro-
duce the hyaluronic acid that serves as part of the
synovial fluid and have phagocytic capability, and
that B cells synthesize proteins, including enzymes.
Cells with features of both A and B cells appear
commonly; and the two cell types may not repre-
sent distinct phenotypes, but morphologic variants
of the same cell.

Subintima

The subintimal layer separates the intimal
synovial cell layer from the joint capsule or the
other synovial-covered tissues including bone,
tendon, and ligament. The cells of the subintima
include blood vessel endothelial cells, fibroblasts,
macrophages, mast cells, and fat cells. The subin-
timal matrix may have a loose areolar form or a
denser matrix with a higher concentration of col-
lagen and elastin.

Blood Supply

The subintimal layer of synovium commonly has an
extensive network of small blood vessels. The net-
work forms from vessels that pass through the joint
capsule. Where synovium covers bone, tendon, or
ligament, the subintimal blood vessels form anasto-
moses with blood vessels from the underlying tissue.

HYALINE CARTILAGE

Like bone and dense fibrous tissues, cartilage con-
sists of a sparse population of mesenchymal cells
embedded within an abundant extracellular matrix.
The cells contribute about 5% of the total tissue vol-
ume, and the matrix contributes approximately
95%. The roughly spherical shape of most cartilage
cells, or chondrocytes; the unique composition of
the matrix they synthesize, assemble, and maintain;
and the lack of blood vessels and nerves distinguish
cartilage from dense fibrous tissues and bone.
Differences in matrix composition, distribution
within the body, mechanical properties, and gross
and microscopic appearance differentiate three
types of adult human cartilage: hyaline, fibrous,
and elastic cartilage. Elastic cartilage forms the auri-
cle of the external ear, a portion of the epiglottis,
and some of the laryngeal or bronchiolar cartilages;
it does not form part of the musculoskeletal system.
Fibrous cartilage (also considered a form of dense
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fibrous tissue) forms part of the intervertebral discs,
pubic symphysis, and tendon, ligament, and joint
capsule insertions. Menisci consist of a specialized
form of fibrous cartilage. The most widespread
form of cartilage, hyaline cartilage, forms most of
the skeleton before it is removed and replaced by
bone through the process of enchondral ossifica-
tion. It also forms the physeal cartilages that pro-
duce longitudinal bone growth until skeletal
growth ceases; in adults it persists as the nasal, la-
ryngeal, bronchiolar, articular, and costal cartilages.
This section discusses the structure of two special-
ized forms of hyaline cartilage that have important
roles in the musculoskeletal system: articular carti-
lage and growth cartilage.

Structure

Articular Cartilage

Function of synovial joints, for example, the
hip or the knee, depends on the unique mechanical
properties of the articular cartilage that forms their
bearing surfaces. It distributes loads, thereby min-
imizing stresses on subchondral bone. When
loaded, it deforms and when unloaded, it regains
it original shape. It provides a surface with almost
unequalled gliding properties and has remarkable
durability.

Although only a few millimeters thick at most,
articular cartilage has an elaborate internal organi-
zation. This organization can be described by divid-
ing articular cartilage into four successive zones
beginning at the joint surface: the superficial or glid-
ing zone, the intermediate, middle or transitional
zone, the deep or radial zone, and the calcified carti-
lage zone (Figure 1-18 and Color Figure 1-1). Within
zones, differences in matrix composition and organ-
ization distinguish three regions or compartments:
the pericellular region, the territorial region, and the
interterritorial region.

CARTILAGE ZONES. Cartilage zones differ in
matrix composition, water concentration, collagen
fibril orientation and cell alignment, and morphology.

Superficial Zone. The superficial or gliding
zone, the smallest cartilage zone, forms the joint
surface. A thin cell-free layer of matrix, containing
primarily fine fibrils, lies directly next to the syn-
ovial cavity. Deep to this layer, elongated flattened
chondrocytes surrounded by a larger volume of
matrices per cell align their major axes parallel to
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FIGURE 1-18. Diagrammatic representa-
tion of the organization of articular cartilage
into zones.

Trabeculae

the articular surface. The collagen fibrils of this
zone lie roughly parallel to the articular surface.

Middle Zone. The middle or transition zone
has several times the volume of the superficial
zone. Its more spherical cells contain greater vol-
umes of endoplasmic reticulum, Golgi mem-
branes, mitochondria, and glycogen. The larger
interterritorial matrix collagen fibrils of the transi-
tional zone have a more random orientation than
those of the gliding zone.

Deep Zone. The cells of the deep or radial zone
resemble the spherical cells of the transitional zone
but tend to align themselves in columns. This zone
has the largest collagen fibrils, the highest proteo-
glycan content, and the lowest water content.
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The thin calcified carti-

Calcified Cartilage Zone.
lage zone separates the hyaline cartilage from the
stiffer subchondral bone. Collagen fibrils penetrate
from the deep zone of cartilage directly through cal-
cified cartilage into bone, thereby anchoring articu-
lar cartilage to subchondral bone.

MATRIX REGIONS. Matrix regions differ in
their proximity to chondrocytes, collagen content,
collagen fibril diameter, collagen fibril orientation,
and proteoglycan and noncollagenous protein con-
tent and organization.

Pericellular Matrix. The smallest matrix com-
partment, the pericellular matrix, consists of a thin
layer of matrix containing little or no fibrillar colla-
gen. It appears to attach directly to the chondrocyte
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cell membranes and probably contains noncollage-
nous proteins that help chondrocytes bind them-
selves to the matrix.

Territorial Matrix. An envelope of territorial
matrix surrounds the pericellular matrix and some-
times pairs or clusters of chondrocytes and their
pericellular matrices. Thin collagen fibrils in the ter-
ritorial matrix near the cells appear to bind to the
pericellular matrix. At a distance from the cell they
spread and intersect at various angles, forming a
basket like structure around the cells.

Interterritorial Matrix. The interterritorial ma-
trix, the largest matrix compartment, has collagen
fibrils of greater diameter than the territorial ma-
trix. The organization and orientation of these in-
terterritorial collagen matrix fibrils change as they
pass from the articular surface to the deep region of
the cartilage. In the most superficial zone they lie
primarily parallel to the joint surface, in the transi-
tion zone they assume a more random orientation,
and in the deep zone they tend to lie perpendicular
to the joint surface.

Growth Cartilage

Bones elongate by growth of the cartilage form-
ing the physes or growth plates (Figure 1-19). The
complex structure of the physes (Figure 1-20) makes
it possible for them to produce precisely directed
longitudinal bone growth. The growth cartilages in-
crease their volume and therefore bone length by
synthesizing new matrices and by cell swelling. The
organization of the growth cartilage matrix and the
surrounding fibrous tissue directs the increasing
volume of cells and matrices, so that it produces
longitudinal bone growth. In the region of the
growth cartilage nearest to the metaphysis, the lon-
gitudinal cartilage septae of the growth cartilage
mineralize, and in the metaphysis, osteoblasts cover
the mineralized cartilage bars with new woven
bone. Osteoclasts then resorb the woven bone and
calcified cartilage and osteoblasts form lamellar
bone to complete the replacement of cartilage by
mature bone.

Growth cartilages have a layered or zonal or-
ganization and a regional organization similar to
that found in articular cartilage. The matrix regions,
like those of articular cartilage, consist of the peri-
cellular, territorial, and interterritorial compart-
ments. The layered or zonal organization differs
considerably from that of articular cartilage. The
identified growth cartilage layers or zones consist
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of reserve or resting, proliferative, and hypertrophic
or maturing zones.

Reserve or Resting Zone. Reserve zone cells, lo-
cated in a thin layer at the epiphyseal pole of the
growth plate, show relatively little evidence of
metabolic activity. The functions of these small cells
have not been clearly established, but they may
serve as stem cells for the proliferative zone.

Proliferative Zome. In the proliferative zone,
chondrocytes rapidly divide, synthesize a new ma-
trix, and assume a highly oriented flattened disc-
like shape. In rapidly growing bones they create
long columns of highly ordered cells that resemble
stacks of plates.

Hypertrophic or Maturing Zone

Toward the bottom of the proliferative zone, the
proliferative cells begin to enlarge, creating the hy-
pertrophic zone. From the proliferative zone to the
last part of the hypertrophic zone they increase their
volume fivefold to tenfold, contributing significantly
to bone growth, and assume a spherical or polygonal
shape. As the cells enlarge, their matrix changes: the
territorial matrix volume per cell increases signifi-
cantly as its collagen concentration decreases and
mineral appears in the interterritorial matrix.

The orientation of the interterritorial matrix col-
lagen fibrils of the growth cartilage changes among
zones. In the reserve zone and upper region of the
proliferative zone, the fibrils have little apparent
orientation, but in the middle and lower regions of
the proliferative zone and throughout the hyper-
trophic zone, these interterritorial matrix collagen
fibrils lie parallel to the long axis of the bone form-
ing longitudinal columns or septae that surround
the chondrocyte columns and their territorial and
pericellular matrices.

In the last part of the hypertrophic zone, the
zone of provisional calcification, the longitudinal
septae mineralize. The enlarged chondrocytes con-
dense and metaphyseal capillary sprouts penetrate
the territorial matrix and cell lacunae, bringing os-
teoblasts that begin to form new bone on the calci-
fied cartilage septae.

Composition

Chondrocytes

Unlike the other musculoskeletal tissues, carti-
lage contains only one cell type, the chondrocyte
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FIGURE 1-19. Micrographs showing the structure of a long bone physis. (A) A low-power pho-
tomicrograph of a longitudinal section cut through the end of a long bone of a growing rat. At this
stage of development osteogenesis has spread out from the epiphyseal center of ossification so that
only the articular cartilage above and the epiphyseal plate below remain cartilaginous. On the dia-
physeal side of the epiphyseal plate are the metaphyseal trabeculae, which (B) consist of cartilage
cores on which bone has been deposited. (Ham AW, Cormack DH. Histology, 8th Ed. Philadelphia:

JB Lippincott, 1979)

(Figures 1-21 and 1-22), and no nerve cell processes
or blood vessels. Like many other mesenchymal
cells, chondrocytes surround themselves with the
matrix they synthesize, attach themselves to the
matrix macromolecules, and do not form contacts
with other cells.

The relationship between chondrocytes and
their matrix does not end with the synthesis and
assembly of the matrix. The normal degradation
of matrix macromolecules, especially proteogly-
cans, forces the cells to synthesize new matrix
components to preserve the tissue. In addition,
the matrix acts as a mechanical signal transducer
for the chondrocytes. Deformation of the matrix
generates signals, transmitted through the matrix,
that cause the cells to alter their synthetic activity.
For example, absence of joint loading and motion

causes deterioration of the articular cartilage ma-
trix, possibly because of the lack of mechanical
signals to stimulate normal chondrocyte function.

Matrix

Tissue fluid forms the largest component of car-
tilage. Depending on the type of cartilage and its
age, water contributes 60 to 80% of the wet weight
of cartilage. The volume concentration, organiza-
tion, and behavior of the tissue fluid depend on its
interaction with the structural macromolecules.
These molecules contribute 20 to 40% of the wet
weight of cartilage and include collagens, proteo-
glycans, and noncollagenous proteins. Hyaline car-
tilage does not contain elastin. In most hyaline
cartilages, collagens contribute about 50% of the tis-
sue dry weight, proteoglycans contribute 30 to 35%,
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FIGURE 1-20. High-power photomicrograph of longitudinal section cut through upper end of tibia
of a guinea pig. Note different zones of cells in the epiphyseal plate. (Ham AW, Cormack DH. His-

tology, 8th Ed. Philadelphia: JB Lippincott, 1979)

and noncollagenous proteins contribute about 15 to
20%. The collagens form the fibrillar meshwork that
gives cartilage its tensile strength and form. The
proteoglycans and noncollagenous proteins bind to
the collagen network or become mechanically en-
trapped within it, and the chondrocytes attach
themselves to the matrix macromolecules.

Type II collagen fibrils form the cross-banded
fibrils identified by electron microscopy and account

for 90 to 95% of total hyaline cartilage collagen.
Hyaline cartilage also contains at least two other
collagens, types IX and XI, and may contain trace
amounts of other collagens. The mineralizing re-
gions of articular cartilage and growth plate carti-
lage also contain small amounts of type X
collagen.

Proteoglycans form a much larger portion of
the matrix structure in hyaline cartilage than in any
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FIGURE 1-21. Ultrastructural characteristics of a chondrocyte. The cytoplasm reveals well-devel-
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oped rough-surfaced vesicles of endoplasmic reticulum and a well-developed Golgi apparatus. The
cytoplasmic processes extend off into the intercellular substance (cytoplasmic footlets). As the chon-
drocyte becomes older and synthesis of protein is less, the rough-surfaced vesicles and Golgi appara-
tus become less prominent, and glycogen and lipid material accumulate in the cytoplasm. (Ham AW.
Histology, 7th Ed. Philadelphia: JB Lippincott, 1974)

other musculoskeletal tissue except for the nucleus
pulposus. Hyaline cartilage has a high concentra-
tion of large aggregating proteoglycans that give
the tissue its unique material properties in compres-
sion. It also contains smaller nonaggregating pro-
teoglycans like those found in dense fibrous tissues.
The large aggregates help control the fluid flow
through the matrix.

Noncollagenous proteins also have an impor-
tant role in hyaline cartilage. Link proteins stabilize
and increase the size of proteoglycan aggregates.
Chondronectin and anchorin CII may have a role in

matrix organization and in establishing and main-
taining the relationships between the chondrocytes
and the matrix macromolecules.

INTERVERTEBRAL DISC

Normal function of the spine depends greatly on
the mechanical properties of the intervertebral
discs. These 23 specialized connective tissue struc-
tures unite adjacent vertebral bodies from the sec-
ond and third cervical vertebrae to the fifth lumbar
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FIGURE 1-22. Part of a chondrocyte showing paired membranes of rough endoplasmic reticulum
(R) with ribosome granules (a77ows). The rough endoplasmic reticulum (R) with ribosome granules
(arrows). The rough endoplasmic reticulum contrasts with the smooth membranes of the Golgi appa-
ratus (G). Micropinocytotic vesicles (V). Limiting cell membrane (D). Transmission electron micro-
graph X37,500. Glutaraldehyde. (Meachim G. The matrix. In Freeman MA. Adult Articular
Cartilage, 2nd Ed. London: Pitman, 1973:1)

vertebrae and sacrum. They vary in size from the
small diameter thin discs in the cervical region to
the large diameter thick discs of the lower lumbar
region. Throughout the spine they contribute to sta-
bility while allowing movement between vertebrae
and absorbing compressive loads. With age the
gross and microscopic appearance, cell content and
matrix composition of disc tissues change more
than any other tissues.

Structure

Human intervertebral discs consist of four tissues:
hyaline cartilage endplate, annulus fibrosis, transi-
tion zone, and nucleus pulposus. These tissues vary
in structure, composition, cell populations, and me-
chanical properties.

Cartilage Endplate

Hyaline cartilage endplates cover the superior
and inferior surfaces of each disc and separate the
other disc tissues from the vertebral bone. Grossly
and microscopically they closely resemble other
hyaline cartilages. The dense collagen fibers of the
annulus fibrosis pass through the outer edges of the
endplates into the vertebral bodies. With age the car-
tilage plates mineralize and eventually cannot be
identified as distinct structures.

Annulus Fibrosis

Annulus fibrosis consists primarily of densely
packed collagen fibers formed into two compo-
nents: the outer circumferential rings of collagen
lamellae or layers (Figure 1-23) and an inner
larger fibrocartilaginous component. The collagen



FIGURE 1-23. Electron micrograph of
the cut surface of a human annulus fibro-
sus. Notice the dense layers of collagen

fibers.

lamellae that form the outer concentric rings of
the annulus have a high degree of orientation: col-
lagen fibrils within a layer lie parallel to each
other; collagen fibrils within adjacent layers lie at
40 to 70° angles to the collagen fibers within layers
on either side. In the fibrocartilaginous compo-
nent of the annulus, collagen fibrils run concentri-
cally and vertically but lack the high degree of
orientation found in the outer concentric rings.

Transition Zone

When the intervertebral disc first forms, the nu-
cleus pulposus and annulus fibrosus have a sharp

FIGURE 1-24. Electron micrograph
showing the collagen fibers of a human
nucleus pulposus. Notice loose arrange-
ment of the fibers compared with the an-
nulus fibrosus.
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boundary where the gelatinous nucleus pulposus
lies directly against the fibrous annulus. With
growth, a transition zone appears that lies between
the fibrocartilaginous component of the annulus fi-
brosis and the nucleus pulposus.

Nucleus Pulposus

In newborns and young individuals the soft ge-
latinous nucleus pulposus tissue has a translucent
appearance. It contains relatively few collagen fibers,
and they lack any apparent orientation (Figure 1-24).
With age, the nucleus pulposus becomes more fi-
brous making it increasingly difficult to separate
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the nucleus pulposus from the transition zone and
the fibrocartilaginous part of the annulus fibrosus.

Composition

Intervertebral disc tissues consist of water, cells,
and matrix macromolecules. The composition of the
hyaline cartilage plates has not been extensively
studied, but it appears to resemble other hyaline
cartilages. The annulus, like other dense fibrous tis-
sues, has water concentration of 60 to 70% through-
out life. In contrast, the water concentration of the
nucleus pulposus declines from about 80 to 90% at
birth to about 70% in adults.

Cells

Intervertebral discs contain two principal cell
types: notochordal cells and connective tissue cells.
Notochordal cells form the nucleus pulposus in the
fetus. With growth, development, and aging they
gradually disappear, and the cells found in the nu-
cleus of older individuals have the appearance of
connective tissue cells, often resembling chondro-
cytes. The connective tissue cells of the outer annu-
lus have the appearance of fibroblasts, like those
found in other dense fibrous tissues. The connective
tissue cells of the inner regions of the annulus and
other disc components have a more spherical form,
like chondrocytes. The cells of the cartilage endplate
tissue have the shape and organelles of hyaline car-
tilage chondrocytes.
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Notochordal Cells

Clusters and cords of large irregular noto-
chordal cells populate the nucleus pulposus of the
newborn human intervertebral disc (Figure 1-25).
These cells contain endoplasmic reticulum, Golgi
membranes, mitochondria, glycogen, and bundles
of microfilaments. Unlike mesenchymal cells, noto-
chordal cells form multiple specialized junctions
with other cells and their membranes form elabo-
rate interdigitations with those of other cells. Dur-
ing skeletal growth, the notochordal cell clusters or
cords disappear and the glycogen content of the
cells declines. In some regions they retain cell-to-
cell contact by elongated cell processes. With aging,
the density of notochordal cells declines further,
and definite notochordal cells have not been identi-
fied in the human nucleus pulposus after age 32.

CONNECTIVE TISSUE CELLS. In the outer annu-
lus the fibroblasts lie with their long axes parallel to
the collagen fibrils. In the inner fibrocartilaginous re-
gion of the annulus more of the cells assume a spher-
ical form like those seen in other fibrocartilages
(Figure 1-26). In the nucleus pulposus connective tis-
sue cells have oval nuclei and slightly elongated
form, but most have a more spherical shape. The pro-
portion of viable nucleus pulposus cells declines
with age, but even in discs from elderly people some
viable connective tissue cells survive.

Matrix

The matrix macromolecular framework of the
human intervertebral disc forms from collagens,

FIGURE 1-25. Electron micrograph of
a human nucleus pulposus notochordal
cells. Notice that, unlike connective tis-
sue cells, the membranes of notochordal
cells bind to the membranes of adjacent
cells.



FIGURE 1-26. Electron micrograph of
a human connective tissue cell from the
inner region of the annulus fibrosus. No-
tice that this cell lacks any contact with
other cells and has formed a distinct peri-
cellular matrix.

elastin, proteoglycans, and noncollagenous pro-
teins. The concentrations and specific types of these
molecules vary among the disc tissues.

The collagens, including fibrillar and short
chain collagens, give the disc its form and tensile
strength. The concentration of collagen decreases
progressively from the outer annulus to the most
central portion of the nucleus. In the adult disc the
contribution of collagen to the tissue dry weight de-
clines from 60 to 70% in the outer rim of the annulus
to 10 to 20% in the most central part of the nucleus.

The annulus fibrosus contains fibrillar and
short chain collagens. The fibrillar collagens found
in the annulus fibrosus include type I, type II, type
III, and type V. The concentration of type I collagen
declines from about 80% of the total collagen in the
outer rim of the annulus to 0 in the transition zone
and nucleus. The concentration of type II collagen
follows the opposite pattern. It increases from 0 to
80% of the total collagen from the outer rim of the
annulus to the transition zone and nucleus. Type III
collagen occurs in trace amounts and type V colla-
gen contributes about 3% of the total collagen of the
annulus fibrosus. The short chain collagens found
in annulus fibrosus include type VI and IX. Type IX
collagen forms only about 1% of annulus fibrosus
collagen, but type VI occurs in unusually high con-
centrations; it forms about 10% of total annulus fi-
brosus collagen.

Fibrillar and short chain collagens also form
part of the matrix of the nucleus pulposus. It con-
tains at least three fibril-forming collagens: type II,
type 1II, and type XI. Type II is the predominant
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collagen contributing about 80% of the total nu-
cleus pulposus collagen. Type III occurs in trace
amounts, and type XI contributes about 3% of the
total collagen of the nucleus. Nucleus pulposus
short chain collagens include type VI and type IX.
As in the annulus fibrosus type IX forms only about
1% of the total collagen, but type VI contributes
even more to the nucleus than to the annulus,
forming about 14 to 20% of the total collagen. The
reason for the unusually high concentration of type
VI collagen in the annulus and nucleus remains un-
known. This short chain collagen forms banded fib-
rillar aggregates of longitudinal fibrils about 5 nm
in diameter with alternating transverse bands con-
sisting of two 15 nm wide dark bands separated by
a 15 nm wide lucent strip. These fibrillar aggre-
gates occur most frequently in the matrix immedi-
ately surrounding cells. They may have a role in
resisting tensile loads on the matrix or may provide
a loose fibrillar network that helps organize other
matrix molecules.

Aggregating and nonaggregating proteogly-
cans form a significant part of the disc macromolec-
ular framework and help give disc stiffness to
compression and resiliency. Their concentration in-
creases from the periphery of the disc to the center.
They contribute about 10 to 20% of the dry weight
of the outer annulus and as much as 50% of the dry
weight of the central nucleus.

Annulus fibrosus and nucleus pulposus pro-
teoglycans differ from those found in hyaline carti-
lages like the disc cartilage endplates, articular
cartilage, or epiphyseal or growth plate cartilage.
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The proteoglycan populations found in annulus fi-
brosus and nucleus pulposus include fewer aggre-
gates, smaller aggregates, and smaller more variable
aggrecans. Many disc proteoglycan aggregates con-
sist of star-shaped clusters of monomers rather
than long aggregates. Aggregated and nonaggre-
gated disc proteoglycan monomers have shorter
protein core filaments, vary more in size, and have
less chondroitin sulfate and more keratan sulfate
than those found in hyaline cartilages. The high
concentration of these small variable monomers in
the nucleus pulposus suggests that fragments of
degraded proteoglycans accumulate in the central
regions of the disc.

Elastin occurs in trace amounts in annulus fi-
brosis and nucleus pulposus. In the annulus,
elastin appears as fusiform or cylindrical fibers
lying parallel to the collagen fibrils. In the nucleus,
elastin assumes irregular lobular shapes without
apparent relationship to collagen fibrils. The contri-
bution of elastin to disc mechanical properties re-
mains unclear.

As in other musculoskeletal tissues, noncollage-
nous proteins appear to help organize and stabilize
the extracellular matrix of intervertebral disc and
may facilitate adhesion of cell membranes to other
matrix macromolecules. The concentration of disc
noncollagenous proteins increases with age. In the
annulus, the proportion of tissue dry weight con-
tributed by noncollagenous proteins increases from
5 to 25% with increasing age and in the nucleus it
increases from 20% of the dry weight to 45% of the
dry weight. Some of the increasing concentration of
noncollagenous proteins may be due to accumula-
tion of degraded molecules. Electron microscopic
studies have identified dense granular sheaths
around disc collagen fibers. These sheaths increase
in volume with increasing age, suggesting that they
represent collections of noncollagenous proteins.

Blood Supply

Small blood vessels and plexes of vessels lie on the
surface on the annulus fibrosus, and occasional
small vessels penetrate a short distance into the
outer layers of the annulus. The intraosseous blood
vessels of the vertebrae contact but do not penetrate
the cartilage endplates. This arrangement of blood
vessels leaves the central disc as the largest avascu-
lar structure in the body. The cells must rely on dif-
fusion of nutrients and metabolites through a large
volume of matrix. Mineralization of the endplates
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with increasing age may further compromise diffu-
sion of nutrients to the central regions of the disc.

Nerve Supply

Perivascular and free nerve endings lie on the outer
surface of the annulus and some of these nerve cell
processes penetrate the outer most collagen lamel-
lae. Despite multiple investigations of disc innerva-
tion, no nerves have been identified deep to the
outer annular layers. The cartilage plates also have
perivascular nerves.

Age-Related Changes in Disc Tissues

Growth, maturation, and aging dramatically alter
disc tissues, especially the nucleus pulposus. The
four tissue components of the disc are easily identi-
fied in the newborn. A clear gelatinous nucleus fills
almost half the disc and consists almost entirely of
notochordal tissue. A narrow transition zone and
larger ring of annulus fibrocartilage surround the
nucleus. The outermost layers of the annulus encir-
cle the annular fibrocartilage. As the disc grows and
matures during childhood the nucleus gradually
becomes opaque. The decreasing water concentra-
tion makes it dense, firm, and difficult to separate
from the fibrocartilage and transition zones. The an-
nular fibrocartilage ring increases in size as the pro-
portion of the disc occupied by the nucleus
decreases. In the elderly, the components of the disc
inside the outer annular layers consist almost en-
tirely of fibrocartilage, and clefts and fissures ap-
pear in the central parts of the disc.

The disc cells also change with age. Viable noto-
chordal cells fill most of the fetal nucleus pulposus.
With growth and maturation, their numerical den-
sity progressively decreases and cells with the mor-
phologic features of connective tissue cells appear
in the nucleus pulposus. In adults, few if any noto-
chordal cells remain and the percent of necrotic cells
in the nucleus increases from about 2% in the fetus
to about 50% in adults. In adults and the elderly a
dense pericellular matrix forms around most cells
in the nucleus pulposus and the inner annulus fi-
brosus, possibly because of accumulation of cell
products and metabolites. In the elderly less than
20% of the nucleus cells remain viable. The causes
of these age changes remain unclear. They may re-
sult from decreased nutrition of central disc cells
due to increased disc volume, decreased diffusion



of nutrients into the disc following mineralization
of the cartilage endplates, and accumulation of cell
products and metabolites in the matrix.

MUSCLE

The ability of muscle cell contraction to produce
joint motion or stabilize joints against resistance de-
pends not only on the composition and structure of
the muscle cells, but on the muscle nerves and
blood vessels, the organization of the tissue, and the
attachment of muscle cells to tendons. Unlike the
musculoskeletal connective tissues, muscle consists
primarily of cells contained within a small volume
of highly organized matrix (Figure 1-27). The matrix
contains collagens, elastin, proteoglycans, and non-
collagenous proteins that maintain the structure of
the tissue including the muscle nerves and blood
vessels.
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FIGURE 1-27. (A) Skeletal muscle, longitudinal section. Note that the fibers do not branch or anas-
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Structure

Muscle cells (myofibers or muscle fibers) cluster
into bundles called fascicles. Aggregates of fascicles
combined with their extracellular matrix form
named muscles. Although the extracellular matrix
makes up only a small fraction of muscle volume
(Figure 1-28), it is critical for normal muscle func-
tion, maintenance of muscle structure, and healing.
A basal lamina containing collagens, noncollage-
nous proteins, and muscle-specific proteoglycans
surrounds each myofiber. The basal lamina together
with the surrounding irregularly arranged fine col-
lagen fibers form the endomysium. A thicker matrix
sheath composed primarily of collagen fibers and
elastic fibers (the perimysium) covers muscle fasci-
culi. The epimysium, a denser peripheral sheath of
connective tissue, covers the entire muscle and usu-
ally joins with the fascia overlying the muscle and
with the muscle-tendon junction.

iR -

tomose. Each fiber has many flattened, slender sarcolemmal nuclei lying peripherally beneath the
membrane and oriented parallel with the long axis of the fiber. In muscle disease these nuclei come to
occupy a central position. Large numbers of axially disposed myofibrils are contained within the fiber.
(X670) (B) Striated muscle, cross section. An enlargement of a muscle fiber is depicted. The myofib-
rils are separated by sarcoplasm. The matrix consists of the endomysium, perimysium, and epimysium.

continued
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FIGURE 1-27. (Continued)

Composition
Cells

Muscles contain connective tissue cells, en-
dothelial cells of blood vessels, and nerve cell
processes, but most of the tissue consists of large
highly differentiated muscle cells. Each muscle cell,
or myofiber, contains multiple nuclei, a unique form
of endoplasmic reticulum called the sacroplasmic
reticulum and contractile protein filaments (actin
and myosin) organized into cylindrical organelles
called myofibrils (Figure 1-28). When viewed by the
electron microscope, actin filaments appear as thin
filaments and myosin filaments appear as thick fila-
ments (Figures 1-29 and 1-30). Each myofibril con-
sists of regular repeating units, consisting primarily
of actin and myosin, called sarcomeres. These my-
ofibrils often extend through the entire length of the
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cell and fill most of the cell volume. Flattened vesi-
cles of sarcoplasmic reticulum surround the myofib-
rils and a series of invaginations of the cell
membrane, called transverse tubules, extend from
the cell surface to lie next to each myofibril and the
membranes of the sarcoplasmic reticulum (Figure
1-31). The interfibrillar sarcoplasm contains mito-
chondria, lysosomes, and ribosomes.

Myofibers form by fusion of multiple small
mesenchymal cells called myoblasts. Myofibers
cannot proliferate; therefore, increase in muscle
mass occurs through cell growth. The myofibers can
grow in length by fusion with myoblasts, thereby
increasing the number of nuclei. They can grow in
diameter by increasing the size and number of my-
ofibers. In mature individuals, some myoblasts sur-
vive. They remain next to mature myofibers, and
following muscle injury they can proliferate and
fuse to form new muscle cells.



FIGURE 1-28. The dimensions and arrangement of the
myofibrils in a muscle. The whole muscle (A) is made up of
fibers (B) that contain cross-striated myofibrils (C, D).
Myofibrils consist primarily of actin and myosin filaments
(E) that overlap and interdigitate in a stereospecific man-
ner. (Huxley HE. The molecular basis of contraction. In:
Bourne GH, ed. The Structure and Function of Muscle.
New York: Academic Press, 1972)

FIGURE 1-29. Longitudinal section of frog
sartorius muscle (fop) together with a diagram
showing the overlap of filaments that gives
rise to the band pattern. The A band is most
dense in its lateral zones where the thick and
thin filaments overlap. The central zone of
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the A band (the H zone) is less dense, since it

contains thick filaments only. The I bands are
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filaments. The sarcomere length here is about

2.5 u. (Huxley HE. The molecular basis of
contraction. In: Bourne GH, ed. The Struc-
ture and Function of Muscle. New York: Aca-
demic Press, 1972)
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FIGURE 1-30. Structure of striated muscle, showing overlapping arrays of actin- and myosin-
containing filaments, the latter with projecting cross-bridges on them. To facilitate showing the rela-
tionships, the diagram is drawn with considerable longitudinal foreshortening, with filament
diameters and side-spacings as shown. The filament lengths should be about five times the lengths
shown. (Huxley HE. The molecular basis of contraction. In: Bourne GH, ed. The Structure and
Function of Muscle. New York: Academic Press, 1971)

Matrix

Because of difficulties in extracting, purify-
ing, and studying the small volume of matrix
found in muscle, the composition and organiza-
tion of the muscle matrix remains poorly under-
stood. The muscle basal lamina contain laminin (a
noncollagenous protein that forms part of base-
ment membranes), types IV and V collagen, and
heparin sulfate proteoglycan. The outer connec-
tive tissue envelopes of muscle consist primarily of
type I collagen fibrils.

Blood Supply

Large numbers of blood vessels penetrate the
epimysium passing between muscle fasciculi
within the muscle tissue matrix. They then enter the
muscle fascicles to form rich capillary networks
around individual myofibrils.

Innervation

Initiation, coordination, and control of muscle contrac-
tion require elaborate innervation. Nerves that sense
muscle tension terminate on intrafusal fibers and
Golgi tendon organs. Three types of motor neurons
supply myofibers: (1)  motor neurons innervating

extrafusal myofibers, (2) 8 motor neurons inner-
vating both extrafusal and intrafusal myofibers,
and (3) y motor neurons innervating intrafusal
myofibers.

One motor neuron innervates each myofiber,
but each motor neuron generally innervates more
than one myofiber. A motor unit consists of the
motor neuron and the muscle fibers it innervates.
Motor nerves attach to myofibers through neuro-
muscular junctions that transmit signals from the
motor nerve terminas to limited regions of the my-
ofibers. Neuromuscular junctions consist of five
principal parts: (1) the nerve terminal filled with
thousands of vesicles containing neurotransmitter,
(2) a Schwann cell overlying the nerve terminal, (3)
a synaptic space lined with basement membrane,
(4) the postsynaptic membrane containing recep-
tors for the neurotransmitter, and (5) postjunctional
sarcoplasm necessary for the structural and meta-
bolic support of the postsynaptic membrane. Re-
lease of neurotransmitter from the motor nerve
terminal into the synaptic space creates an action
potential in the muscle cell membrane. The action
potential in the muscle cell membrane extends into
folds in the cell membrane to the sarcoplasmic retic-
ulum. The sarcoplasmic reticulum releases calcium
ions, and the rapid increase in intracellular calcium
triggers simultaneous contraction of myofibers
throughout the cell.
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FIGURE 1-31. Three-dimensional drawing of parts of four myofibrils to illustrate (1)
the sarcolemma (labeled pm on the right), (2) the transverse tubules that extend into the
substance of the fiber from the sarcolemma (from points indicated by arrows on the
right), and (3) the sarcoplasmic reticulum, which is interposed, and so lies between my-
ofibrils, over their I, A, and H portions (labels for the latter on left). The transverse
tubules are delicate tubules that are invaginations of the sarcolemma; hence their walls
are composed of cell membrane, and their lumens open onto the outer surface of the sar-
colemma. Transverse tubules (in the frog) enter the fiber at the level of Z line (indicated
by arrows on right side), and each one branches as it extends across the fiber so as to sur-
round myofibrils whose Z lines are in register with the site where it entered, as is shown
by following the two tubules in this illustration, from right to left. The sarcoplasmic
reticulum consists of cisternae and channels of smooth-surfaced endoplasmic reticulum
that lie between and so surround myofibrils. In the region of the I band, the extent of
which is indicated at the left of the illustration, the cisternae, known as terminal cister-
nae, are large and flattened, but they may be more or less distended (ds); they lie to either
side of the transverse tubule (ct). The cisternae, by means of channels that run longitudi-
nally (It) over the A band to the region of the H zone, connect with a network of more or
less flattened sacs called the H sacs (hs). The site of the H zone in the A band is indicated
at the left of the illustration. (From C. P. Leblond; Ham AW. Histology, 7th Ed.
Philadelphia: JB Lippincott, 1974)
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FORMATION AND DEVELOPMENT
OF THE MUSCULOSKELETAL
SYSTEM

Normal structure and function of the musculoskele-
tal system depend on the formation and growth of
the specific skeletal connective tissues and muscle,
and the integration of these tissues into the system
that provides the stability and mobility of the body.
Cartilage, muscle, bone, and dense fibrous tissue
form, grow, and become organized into the muscu-
loskeletal system during early prenatal life so that by
6 months the final form of the musculoskeletal sys-
tem is easily recognized (Figure 1-32). Disturbances
of these processes cause congenital abnormalities

FIGURE 1-32. Skeletal development of a 6-month-old fetus.
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including failure of segmentation of vertebrae, con-
genital dislocations of the hip, clubfeet, and absence
of part or all of a limb. Following birth the muscu-
loskeletal system continues to grow and modify its
form until the physes close.

Cartilage, Muscle, and Bone

Within the first few weeks of intrauterine life, the em-
bryo takes shape, developing the head, the trunk,
and protrusions called limb buds. Between the ecto-
derm and the entoderm lies the diffuse, loose, cellu-
lar mesenchyme, which differentiates into the
musculoskeletal connective tissues and skeletal mus-
cle. The first recognizable musculoskeletal structures
appear as dense concentrations of mesenchymal cells
that take the shape of the bones.

As early as the fifth embryonic week, mes-
enchymal cells enlarge, become more compact, and
differentiate into a sheet of cells recognized as pre-
cartilage. Then, matrix is laid down between the
cells (Figures 1-33 and 1-34). Cartilage increases in
thickness by growth, both internally and externally
(Figure 1-35). Internal growth occurs by multiplica-
tion of cartilage cells and production of new matrix.
Peripheral growth occurs from the investing sheath
(the perichondrium), whose inner cells are trans-
formed into chondrocytes. Figure 1-33 shows the
development of cartilage and skeletal muscle from
mesenchyme.

Bone first appears after the seventh embryonic
week. It forms either from mesenchymal mem-
branes (e.g., facial and cranial bones) or from carti-
lage (e.g., the long bones of the limbs). Although the
bone is identical in each instance, in the latter type
the cartilage must first be removed before bone can
be laid down.

Intramembranous Bone Formation

The mesenchymal or connective tissue mem-
brane first forms the original model of the facial
and the cranial bones. At one or more central
points of the membrane, intramembranous ossifi-
cation begins (Figure 1-36). These ossification
centers are characterized by the appearance of os-
teoblasts that lay down a meshwork of bony tra-
beculae spread radially in all directions. The
mesenchyme at the periphery differentiates into a
fibrous sheath (the periosteum), the undersurface
of which differentiates into osteoblasts, which in
turn deposit parallel plates of compact bone (the
lamellae). This is periosteal ossification, by which
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limb bud originates as a small elevation of the body wall and at first consists of a condensed mass of proliferating mesoblastic cells.
Within a few days, a central condensation of mesoblasts occurs. This is the skeletomuscle condensation, so-called because sepa-
rate muscle and skeleton cannot be identified. At the same time, a broad sheet of branching nerve trunks from the cord and the
spinal ganglia stream into the base of the arm bud (zop, /eff). A few days later, muscular and skeletal condensations become dis-
tinct, and massive nerve trunks enter the center of the muscle condensations (fop, 7ight). In the next section, definite muscle
groups can be identified (bottorm, left) containing conspicuous nerve trunks, and major branches of the brachial plexus are obvious.
At the same time, the central part of the skeletal condensation is being transformed into cartilage (this tissue appears lighter in
color). The cartilage of different bones is deposited separately in the last section (bottom, right) so that these central cartilaginous
cores within the skeletal bed acquire the shape of the bones of which they are forerunners. These sections represent develop-
mental periods of about 2 days each. (B) These diagram drawings correspond to these sections in A. (From the Carnegie Institu-
tion of Washington, Streeter GL. Developmental horizons in human embryos (Pub 583), Contrib Embryol 1949;33:149.)
continued
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FIGURE 1-33. (Continued)

FIGURE 1-34. Early fetal anlage of a long bone.
It is composed of mesenchyme at the center of
which the cells become rounded and assume the
appearance of chondrocytes. Later, the periph-
eral mesenchyme will give rise to vascular tissue
that will invade the calcified cartilage and replace
the latter with bone.
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FIGURE 1-35. Appositional and interstitial cartilage growth. Cartilage grows from the
perichondrium when fibroblast-like cells enlarge into chondroblasts and become encapsu-
lated. They multiply, form groups, and synthesize new matrix producing appositional
growth. Cells within the tissue also proliferate and synthesize matrix producing interstitial
growth. (Ham AW. Histology, 7th Ed. Philadelphia: JB Lippincott, 1974)

the inner and the outer tables of the skull are
formed. Trabeculae are arranged mainly along lines
of greatest stress.

Enchondral Bone Formation

A cartilaginous model of the structure precedes de-
struction of cartilage and its replacement by bone.
Two processes are involved: ossification centrally
within the cartilage, or endochondral ossification,
and ossification peripherally beneath the perichon-
drium (or periosteum), or perichondrial or periosteal
ossification.

In the center of the cartilaginous precursor, the
cells enlarge and become arranged radially as the
matrix mineralizes. Invading from blood vessels
the perichondrium (Figures 1-37 and 1-38) bring

osteoblasts that deposit new bone that replaces the
cartilage.

As the central bone formation occurs, the cells of
the inner layer of perichondrium (now more appro-
priately named the periosteum) lay down parallel lay-
ers of compact bone. The cartilaginous physes form at
the end of each long bone and produce enchondral
bone throughout skeletal growth. Periosteal ossifica-
tion contributes to growth thickness of the structure.

Foints

Two types of joints develop between bones:
synarthorses, which allow little movement, and di-
arthroses, which allow low friction movement.

The synarthorses form by the differentiation of
mesenchyme into a uniting layer of connective tissue
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FIGURE 1-36. Intramembranous bone formation. Fibrob-
lasts (F). Homogeneous interstitial bone substance (I), col-
lagenous fibrils no longer visible. Connective tissue cells (O)
that have developed processes to become osteoblasts and
later osteocytes.

(the suture or syndesmosis), cartilage (the synchon-
drosis), or bone (the synostosis).

Diarthroses have joint cavities that arise from a
cleft in the mesenchyme. The joint capsule and liga-
ments form from the dense external tissue, which is
continuous with the periosteum. The cells on the
inner surface of the capsule flatten into the synovial
membrane. Menisci and meniscus-like structures
form from mesenchyme that projects into the joint
cavity.

The Axial Skeleton

The notochord is the primitive axial support for
the body. Mesenchymal tissue (designated as scle-
rotomes) migrate toward the notochord and come

*  Musculoskeletal Tissues and the Musculoskeletal System

FIGURE 1-37. Ossification of a fetal cartilaginous long
bone. The cartilage cells at the center of the calcified carti-
lage have become enlarged, and the matrix is sparse. A bone
collar has formed about this level and is gradually replacing
the cartilage.

to lie in paired segmental masses alongside the
notochord. Intersegmental arteries separate each
sclerotomic mesenchymal mass from similar
masses before and behind. Each sclerotome then
differentiates into a caudal compact portion and a
cranial less dense half. The denser caudal half
then unites with the looser cranial half of the suc-
ceeding sclerotome to form the substance of the
vertebra (Figure 1-39). Both the condensed and
the looser portions grow about the notochord to
form the body of the vertebra. From the denser
(now cranial) half, dorsal extensions pass around
the neural tube to form the vertebral arch, and
paired ventrolateral outgrowths form the costal
processes or forerunners of the ribs. The mes-
enchymal tissue in the intervertebral fissure gives
rise to the intervertebral disc. The nucleus pulpo-
sus in the disc constitutes the remnant of the noto-
chord. The two parts of sclerotomes, in joining,
enclose the intersegmental artery, which therefore
passes through the center of the vertebral body. In
the seventh embryonic week, centers of chondrifi-
cation appear, two in the vertebral body and one
in each half of the vertebral arch. These four cen-
ters enlarge and fuse into a complete cartilaginous
vertebra. Vertebral ossification starts in the tenth
week. A single center in the body and one in each
half of the arch appears, but union is not com-
pleted until several years after birth (Figure 1-40).

Continued growth in length of the body occurs
by enchondral ossification at the cephalad and the
caudad epiphyseal plates. About the rim of the su-
perior and the inferior surfaces, a prominent ring of



FIGURE 1-38. Development of a typi-
cal long bone. (a) Cartilage model. (b)
Periosteal bone collar appears. (c) Cen-
ter of calcifying cartilage. (d) Further de-
velopment of calcified cartilage. (e)
Vascular mesenchyme enters, resorbs
calcified cartilage, and new bone is laid
down toward either extremity of the
model. (f) Endochondral ossification is
further advanced, bone increased in
length. (g) Blood vessels and mes-
enchyme enter upper epiphyseal carti-
lage. (h) Development of epiphyseal
ossification center. (i) Ossification center
develops in lower epiphysis. (j and k)
The lower and then the upper epiphyseal
cartilage plates disappear, bone ceases to
grow in length, a continuous bone mar-
row cavity traverses the entire length of
the bone, and blood vessels of diaphysis,
metaphysis, and epiphysis intercommu-
nicate. (Redrawn from Maximow AA,
Bloom W. A Textbook of Histology.
Philadelphia: WB Saunders, 1968)
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FIGURE 1-39. Early stages of differentiation of vertebrae. (Redrawn from Arey LB. Developmental
Anatomy. Philadelphia: WB Saunders, 1974)
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Three primary centers Three secondary centers

Two additional plates

Neurocentral
synohondrosis

Upper and lower plates

Body (16th yr.)

(appears 8th wk.)

Transverse process

Vertebral arch (16th yr.)

(appears 7th-8th wk.)

Spinous process
{16th yr.)

FIGURE 1-40. Development of vertebra. Three primary ossification centers develop in utero; three
secondary centers appear during the growth period and, with epiphyseal plates, become completely
ossified as growth is completed. (After Goss CM. Gray’s Anatomy, 28th Ed. Philadelphia: Lea and
Febiger, 1966)

cartilage exists to which is attached the fibers of the
longitudinal ligament of the spine (Figure 1-41). It
does not participate in growth. Gradually, it devel-
ops secondary ossification centers that are triangular
in cross section but actually skirt the rim of the body.
Eventually, this center appears as a line parallel with
the upper and the lower surfaces of the body and
resembles a plate (Figure 1-42). The term plate is
reserved for the growth cartilage that intervenes

between the ring and the main body of bone. The
secondary centers fuse with the main body by the
age of 17. The central artery can be seen up to 6 years
of age, after which it is obliterated (Figure 1-43). It
may persist beyond this time in certain conditions
(e.g., Scheuermann’s disease).

An exception in the development of the verte-
bra occurs in the atlas. The body differentiates typi-
cally but soon is taken over by the axis serving as a

VERTEBRAL BODY ANTERIOR
POSTERIOR ‘ ‘/t%ﬁ\lggTDlNAl
LONGITUDINAL
MENT
HeA CARTILAGINOUS RING
ZONE OF
ENCHONDRAL OSSIFICATION OF RING
OSSIFICATION / N (EARLY)
7 /1 A \ 7 ANTERIOR LONGITUDINAL
CARTILAGINOUS PLATE ' 1 A LIGAMENT FIBERS
,’, -7 Z. ;\\J ‘ ‘&7 ANCHORED TO ANNULUS
[ EadinintN
PN . J’)
POSTERIOR \ \\\}j_‘__‘_'—_‘;/,’l Q) H.- Nucteus puLPOsUS
LONGITUDINAL \ 1 1
- ~ INTERVERTEBRAL DISK

]
A .-1....1--.-1._-L.- .. \
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FIGURE 1-41. Sagittal section through adjacent vertebral bodies during ossification of the cartilagi-
nous ring. (Redrawn from Schmid P. Zur Entstehung der Adolezentenkyphose. Dtsch Med Wochen-
schr 1949;74:798)
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Dens
(appears 2nd yr.,
unites 12th yr.)

49

Lumbar

FIGURE 1-42. Ossification of the vertebrae.

peg-like extension (dens) of the latter, about which
the atlas rotates. The atlas is left as a ring. The
sacral and the coccygeal vertebrae represent verte-
bra with reduced vertebral arches. The sacral verte-
brae eventually fuse into a single mass. The
coccygeal vertebrae exist as rudimentary structures.
The entire spine at birth displays one continuous
curve convex posteriorly. As the erect posture is as-
sumed after the first year, secondary forward
curves develop the cervical and the lumbar regions.

Thoracic
{lateral view)

Thoracic {top view)

Finally, the lordosis in the cervical and the dorsal
regions is balanced by the kyphosis in the thoracic
and the sacral regions.

The original union of the costal process with the
vertebra is replaced by a joint for the head of the rib.
The center of ossification appears at the tangle of
the rib. However, the distal ends of the long ribs al-
ways remain cartilaginous. In the neck the ribs are
represented by their tubercles, which are fused with
the transverse processes and their heads fused with
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FIGURE 1-43. The appearance of normal thoracic vertebrae in children at various ages. (A)
Normal thoracic vertebrae, fully developed, lateral view. (B) Lateral roentgenographic view of
vertebral bodies in children under 6 years of age. (C) Lateral view in children, 6 to 9 years of
age. Ossification starting in the cartilaginous ring is most visible anteriorly. (D) At 9 to 15 years
of age. Ossification is more extensive in the ring and progresses posteriorly. The nutrient fora-

men normally is obliterated after 6 years of age.

the bodies; between these processes is an interval,
the transverse foramen, through which the verte-
bral arteries course. When the costal processes are
overdeveloped in the cervical region, a supernu-
merary rib is formed, which may lead to compres-
sion of nerve structures.

The sternum originates from the junction of two
bars of ventrolaterally placed mesenchyme, which
initially have no connection with the ribs or which
each other.

At birth, the posterior bony arch is separated
from the anterior bony centrum by cartilaginous
bridges. The bony arch is completed by the second
year. Junction between arch and body occurs be-
tween the third and sixth years.

The Appendicular Skeleton

The appendicular skeleton is derived directly from
the unsegmented somatic mesenchyme. Definite
masses are formed at the sites of the future pectoral

and pelvic girdles and limb buds. The sequence of
bone development through cartilaginous and os-
seous stages follows.

The clavicle is the first bone of the skeleton to
ossify. Before ossification, a peculiar tissue resem-
bling both membranous and cartilaginous tissue
makes it difficult to classify the origin. Two primary
centers of ossification appear.

The scapula is a single plate with two chief cen-
ters of ossification and several epiphyseal centers
that appear later. An early primary center forms the
body and the spine. The other, after birth, gives rise
to the coracoid process.

The humerus, the radius, and the ulna all os-
sify from a single primary center in the diaphysis
and an epiphyseal center at each end. Additional
epiphyseal centers are constant at the lower end of
the humerus. Each carpal bone ossifies from a sin-
gle center. The metacarpals ossify from a single
primary center and an epiphyseal center (Figures
1-44 and 1-45).
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Clavicle
(17th yry

5th mo

Sternum ( 8th-7th mo

8th-9th mo__J

Scapula
(1st fetal wk)

Medial epicondyle
(3 7thyr, ? 5thyr)

Trochlea

(3 Sthyr, ¢ 8thyr) S

Olecranon (3 10th yr, @ 8thyr)

Ulna, distal epiph. (& 6th yr, @ 5th yr)

Lunate (4th yr)
Triquetrum (3 2Va yr, @ 1% yr)
Capitate (6th mo)
Hamate (6th mo)

Trapezoid
(36th yr, ? 4th yr)

Phalanges |I-V
(5th mo-2'2 yr)

Coracoid process, main center (1st yr)

Acromion (15th-18th yr)
Glenoid cavity (18th yr)
Humerus, head (birth-3rd mo)

Greater tuberosity
(3 6th mo-2nd yr
Q 3rd mo-1'2 yr)

Lesser tuberosity
(3rd-5th yr)

L—— | ateral epicondyle (3 12th yr, 2 11th yr)
Capitulum (3 5th mo, ¢ 4th mo)
Radius, head (3 5th yr, @ 4th yr)

Radial tuberosity (10th-12th yr)

Radius, distal epiph. (1st yr)

Navicular (8 5%z yr, @ 4% yr)

Trapezium (3 5th yr, @ 4th yr)
Metacarpal 1, epiph. (3 2% yr, 2 1% yr)

Prox. phalanx, epiph. (5th mo, 22 yr)
Distal phalanx, epiph. (3 12 yr, ? 1styr)

Metacarpals -V (1st-11%2 yr)

FIGURE 1-44. The appearance at birth of the upper extremity. The ages at which the ossification of
the epiphyses appear are shown with the differentiation between male and female indicated.

At first, the cartilaginous plate of the pelvis lies
perpendicular to the vertebral column. Later, it ro-
tates to a position parallel with the vertebral col-
umn and in relation to the first three sacral
vertebrae. Three main centers of ossification appear
for the ilium, the ischium, and the pubis. The three

elements join at a cup-shaped depression, the ac-
etabulum, the articulation for the head of the femur.

The development of the femur, the tibia, the
fibula, the tarsus, the metatarsals, and the pha-
langes corresponds to that of the bones of the upper
extremity (Figures 1-46 and 1-47).
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Clavicle, sternal epiph.

{closure 18th-24th yr ) Acromion (closure 18th-18th yr )

Coracoid (closure 18th-21st yr )
Rarely unite

{except in old age)

Humerus, head, center
and lesser tuberosities
fuse together (4th-6th yr )
fuse to shaft (¢ 19th-21st yr
¢ 18th-20th yr }

Closure between
(puberty and 25th yr )

Closure soon
after puberty

Scapula,

vert. margin and inf. angle

{closure 20th-21st yr )
Subcoracoicoid (closure 18th-21st yr )

Glenoid cavity
(closure 19th yr )

Humerus, capitulum, lateral
epicondyle, and trochlea
fuse together (at puberty)
fuse to shaft (¢ 17th yr

9 14th yr)

Medial epicondyle
(closure 8 18th yr

Q 15th
vr) Radius, head
(closure ¢ 13th-17th yr
Olecranon ? 14th-15th yr )

Radial tuberosity
(closure 14th-18th yr )

{closure 8 15th-17th yr
? 14th-15th yr)

Radius, distal epiph. {closure ¢ 19th yr
Q2 17th yr)

Styloid process, radius (closure variable)

Ulna, distal epiph.
(closure ¢ 19th yr
@ 17th yr})

Styloid of ulnar Navicular (appears 6th yr )

(closure 18th-20th yr ) Trapezium (closure 5th yr )

Metacarpal |, epiph.

Lunate (appears 4th yr ) (closure 14th-21st yr )

Pisiform (appears 12th yr )
Triquetrum {appears 1st-2nd yr }
Hamate (appears 6th mo )
Capitate (appears 6th mo )

Proximal phalanx I, epiph.
%’K (closure 14th-21st yr )

A
Distal phalanx I, epiph.

R {closure 14th-21st yr )
Trapezoid (appears 4th yr )

Metacarpals I1-1V, epiph.
{closure 14th-21st yr )

LB
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FIGURE 1-45. Stages of advancing ossification and epiphyseal closure of the upper extremity.



Formation and Development of the Musculoskeletal System

liiac crest
(at puberty)

lliac
tubercle
(13th-15th yr)

Head of femur
(4th mo)

Greater trochanter.

@rd yr) Ty \
71 Tubercle of pubis
5~ (18th-20th yr)
Ischial spine
(13th-15th yr)

Tubercle of ischium At birth About 12th-13th yr
(13th-15th yr)

Lesser trochanter
(38 12th yr, ? 11th yr)

Femur, distal epiph. (36th fetal wk)

Tibia, proximal epiph. (40th fetal wk)
Fibula, proximal epiph.

& 4thyr, ? 3rd yr
( y ym Tibial tuberosity (7th-15th yr)

Fibula, distal epiph.
(3 1styr, 2 9th mo)
Tibia, distal epiph. (6th mo)

Calcaneus Talus (26th-28th fetal wk)

(24th-26th fetal wk)

Cuboid
(40th fetal wk)

Navicular (3 2nd yr, ¢ 2nd yr)

Cuneiforms

(3 2nd yr, @ 1'%2yr)
(3 2% yr, @ 2nd yr)
(8 3rd-6th mo)

FIGURE 1-46. The appearance at birth of the lower extremity. The ages at which ossification of the
epiphyses appear are shown with the differentiation between male and female indicated.
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lliac crest
(closure 20th yr )

Femur, head

(closure ¢ 17th-18th yr
? 16th-17th yr )

Pelvic bones fuse

Greater trochanter (at puberty)

(closure 16th-17th yr )

Lesser trochanter
(closure 16th-17th yr )

Femur, distal epiph.
(closure & 18th-19th yr
Q@ 17th yr)

Proximal epiph.
(closure & 18th-19th yr
¢ 16th-17th yr )

Tibial tuberosity
(closure 19th yr )

Fibula, proximal epiph.
(closure & 18th-20th yr
@ 16th-18th yr )

Distal epiph.
{closure 17th-18th yr )

Fibular malleolus
(closure 17th-18th yr )

Completion variable

Calcaneus, epiph. {closure 12th-22nd yr )

Metatarsals |-V, epiph. (closure & 18th yr, ¢ 16th yr ) FIGURE 1-47. The stage of
advancing ossification and epi-

physeal closure of the lower ex-
Proximal phalanges |-V, epiph. (closure 18th yr ) tremity.

Middle phalanges t1-1V, epiph.
{closure 18th yr )

Distal phalanges Metatarsals, heads (closure 14th-21st yr }

(closure 18th yr ,begins proximally) i



SUMMARY

The musculoskeletal system consists of skeletal
connective tissues (bone, cartilage, and dense fi-
brous tissues) and muscle formed into functional
units that make possible movements that vary from
the finely controlled motions of the upper limbs
necessary to play musical instruments, to the pow-
erful motions of all four extremities and the spine
necessary to lift a heavy weights from the ground,
to the rapid coordinated repetitive motions re-
quired for success in many sports. Mesenchymal
cells form all musculoskeletal tissues, but specific
tissues differ in structure, composition, mechanical
properties, innervation, and blood supply. The
skeletal connective tissues (bone, cartilage, and
dense fibrous tissue) consist of sparsely distributed
cells surrounded by a large volume of extracellular
organic matrix synthesized by the cells. Their ma-
trix molecular frameworks consist of collagens,
proteoglycans, and noncollagenous proteins. Each
tissue has a unique combination of these three
classes of macromolecules, and in some tissues, like
meniscus, intervertebral disc, and ligament, elastin
also forms part of the organic matrix. In addition to
their organic matrix, bone and some cartilage re-
gions have an inorganic matrix consisting of rela-
tively insoluble mineral deposited within the
organic matrix. These differences in matrix compo-
sition give the skeletal connective tissues different
mechanical properties. Hyaline cartilage has the
stiffness in compression, the ability to distribute
loads and the durability to form the low friction
gliding surfaces of synovial joints. The dense fi-
brous tissues have the tensile strength and flexibil-
ity to serve as tendons and ligaments, and bone has
the stiffness and strength to provide the rigid sup-
port necessary for normal function of the other tis-
sues. Hyaline cartilage lacks nerves. Bone contains
perivascular nerves and some regions of the dense
fibrous tissues have nerves that may sense tissue
deformation as well as perivascular nerves, but
none of the connective tissue cells have direct in-
nervation. Hyaline cartilage, the intervertebral disc
(except for the outermost layers of the annulus fi-
brosus), and some regions of dense fibrous tissue
lack blood vessels. Unlike the skeletal connective
tissues, skeletal muscle consists primarily of cells
with only a small volume of extracellular matrices,
the tissue has a network of blood vessels that
reaches every cell, a motor nerve innervates each
muscle cell, and the cells generate the force neces-
sary to produce movement.
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Although knowledge of the tissues provides the
basis for understanding orthopaedic diseases, mus-
culoskeletal function and dysfunction cannot be un-
derstood in terms of individual tissues alone. The
mobility, strength, and stability of the body depend
on the organization and integration of these tissues
into functional units. Voluntary movement requires
skeletal muscle contraction, but the mechanisms by
which muscle contraction produces joint motion, or
the failure of muscle contraction to produce joint
motion, cannot be understood by considering mus-
cle cells alone. Muscles move or stabilize synovial
joints and the spine by transmitting the force gener-
ated by individual muscle cells to tendons through
elaborate muscle-tendon junctions. Many tendons
pass through sheaths and retinacula that make it
possible to effectively transmit the force generated
by muscle to bone through distinct insertions into
bone or periosteum. The force then acts on synovial
joints consisting of articular cartilage, menisci, bone,
joint capsule, synovium and ligaments, or the spine.
The spine includes these tissues with the addition of
the intervertebral disc. Ultimately muscle contrac-
tion causes joint motion or stabilizes joints against
resistance, but synovial joint or spine function can
only be understood by considering how the multiple
musculoskeletal tissues perform simultaneously as
parts of a functional unit. Likewise understanding
orthopaedic diseases depends on considering how
disturbances in the structure or function of one or
more tissues alters musculoskeletal function meas-
ured in terms of motion, strength, and stability.
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Musculoskeletal

Tissue Healing

BONE HEALING BLUNT TRAUMA WITHOUT Injuries to Muscle-Tendon
Inflammation and Repair ARTICULAR CARTILAGE Junctions
Repair and Remodeling of DISRUPTION LIGAMENT AND JOINT
Unstable Fractures TRAUMA THAT DISRUPTS CAPSULE
Repair and Remodeling of ARTICULAR CARTILAGE Meniscus
Stabilized Fractures (Primary Injuries Limited to Articular Failure of Dense Fibrous Tissue
Bone Healing) Cartilage Healing
Failure of Fracture Healing Failure of Articular Cartilage SKELETAL MUSCLE HEALING
ARTICULAR CARTILAGE Healing Types of Muscle Tissue Injury
HEALING DENSE FIBROUS TISSUE Inflammation
Healing Following Disruption of HEALING Repair
Synovial Joint Soft Tissues Tendon Remodeling
Healing Following Damage to Injuries to Tendon Substance Failure of Skeletal Muscle
the Articular Surface Injuries to Tendon Insertions Healing

ecovery from musculoskeletal injuries or success in the operative treat-
ment of many musculoskeletal diseases and deformities depends on healing the
musculoskeletal tissues: that is, restoration of tissue structure and function fol-
lowing injury. Healing occurs by repair, replacement of damaged or lost tissue by
fibrous or fibrocartilaginous tissue that fails to duplicate the normal tissue struc-
ture and function, or by regeneration, replacement of damaged or lost tissue by
tissue that duplicates the normal tissue structure and function. Most isolated
muscle lacerations heal by repair with scar; bone fractures heal by regeneration
of bone. Over the last two decades orthopaedic surgeons have dramatically ad-
vanced their ability to promote healing of damaged bones and joints. Using new
methods of internal fixation, external fixation, and rehabilitation, they now suc-
cessfully treat even the most severe fractures and many severe joint injuries.
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Patients with injuries of dense fibrous tissue struc-
tures (tendon, ligament, joint capsule, and menis-
cus) or skeletal muscle present problems as difficult
as patients with bone or articular cartilage injuries.
Furthermore, injuries to these latter tissues may
leave patients with more significant disability than
fractures. For these reasons optimal treatment of
musculoskeletal injuries and diseases requires un-
derstanding of the responses of the musculoskeletal
tissues to injury and the healing of these tissues.

BONE HEALING

Fractures, acute disruptions of bone tissue, result
from applications of forces to the skeleton that ex-
ceed the strength of the tissue. The intensity of the
applied force determines the severity of the injury
as measured by the extent of bone and soft tissue
damage. A fracture initiates a sequence of inflam-
mation, repair, and remodeling that can restore
the injured bone to its original state. Inflammation
begins immediately after injury and is followed
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rapidly by repair. After repair has replaced the lost
and damaged cells and matrix, a prolonged remod-
eling phase begins that commonly restores normal
bone structure and function.

Inflammation and Repair

An injury that fractures bone not only damages the
cells, blood vessels, and bone matrix (Figure 2-1), but
also the surrounding soft tissues, including the
periosteum and muscle. A hematoma accumulates
within the medullary canal, between the fracture
ends and beneath elevated periosteum. The damage
to the bone blood vessels deprives osteocytes of their
nutrition, and they die as far back as the junction of
collateral channels, leaving the immediate ends of
the fracture without living cells (see Figure 2-2). Se-
verely damaged periosteum and marrow, as well as
other surrounding muscle, may also contribute
necrotic material to the fracture site.

Inflammatory mediators released from platelets
and from dead and injured cells cause blood vessels to

FIGURE 2-1. Initial events following fracture of a long bone diaphysis. (A) Drawing showing that
the periosteum is torn opposite the point of impact, and may remain intact on the other side. A
hematoma accumulates beneath the periosteum and between the fracture ends. There is necrotic mar-
row and cortical bone close to the fracture line. (B) A photomicrograph of a fractured rat femur 3 days
after injury showing the proliferation of the periosteal repair tissue.



FIGURE 2-1. (Continued) B

dilate and exude plasma leading to the acute edema
seen in the region of a fresh fracture. Inflammatory
cells migrate to the region, including polymor-
phonuclear leukocytes followed by macrophages
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and lymphocytes. These cells also release cytokines
that stimulate angiogenesis. As the inflammatory
response subsides, necrotic tissue and exudate are
resorbed, and fibroblasts and chondrocytes appear

FIGURE 2-2. Early repair of a diaphyseal fracture of a long bone. (A) Drawing showing organiza-
tion of the hematoma, early woven bone formation in the subperiosteal regions, and cartilage forma-
tion in other areas. Periosteal cells contribute to healing this type of injury. If the fracture is rigidly
immobilized or if it occurs primarily through cancellous bone and the cancellous surfaces lie in close
apposition, there will be little evidence of fracture callus. (B) Photomicrograph of a fractured rat
femur 9 days after injury showing cartilage and bone formation in the subperiosteal regions.
(Reprinted from Clin Ortho Rel Res with permission [5]) continued
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and start producing a new matrix, the fracture cal-
lus (Figures 2-2 and 2-3).

The mechanical stability of the fracture site influ-
ences the repair process. The summaries of fracture
repair and remodeling that follow immediately
below first describe healing of closed fractures that
are not rigidly stabilized; that is, fractures where re-
pair proceeds in the presence of motion at the frac-
ture site (Figure 2-4). A closed clavicle fracture that is
not treated by internal fixation provides an example
of repair and remodeling of an unstable fracture. The
second summary describes healing of stable frac-
tures; that is, fractures where repair proceeds at a
rigidly stable fracture site with the fracture surfaces
held in contact. Transverse diaphyseal fractures of
the radius and ulna treated by open anatomic reduc-
tion and rigid internal fixation provide examples of
the repair and remodeling of stabile fractures.

Repair and Remodeling of Unstable
Fractures

Disruption of blood vessels in the bone, marrow, pe-
riosteum, and surrounding tissue at the time of in-
jury results in the extravasation of blood at the
fracture site and the formation of a hematoma. Orga-
nization of this hematoma is usually recognized as
the first step in fracture repair (Figure 2-2). Loss of
the hematoma impairs or slows fracture healing sug-
gesting that the hematoma and an intact surround-
ing periosteal soft tissue envelope that contains the
hematoma may facilitate the initial stages of repair.

Although the volume of the vascular bed of an
extremity increases shortly after fracture, presumably

FIGURE 2-2. (Continued)

because of vasodilation, vascular proliferation also
occurs in the region of the fracture. It appears that,
under ordinary circumstances, the periosteal vessels
contribute the majority of capillary buds early in
normal bone healing, with the nutrient medullary
artery becoming more important later in the process.
Growth factors may be important mediators of the
angiogenesis in fracture healing, but the exact stimuli
responsible for vascular invasion and endothelial cell
proliferation have not been defined.

The bone ends at the fracture site, deprived of
their blood supply, become necrotic and are resorbed.
In some fractures this may create a radiographically
apparent gap at the fracture site several weeks or
more after the fracture. The cells responsible for this
function, the osteoclasts, come from a different cell
line than the cells responsible for bone formation.
They are derived from circulating monocytes in the
blood and monocytic precursor cells from the bone
marrow, whereas the osteoblasts develop from the
undifferentiated mesenchymal cells that migrate into
the fracture site.

Pluripotential mesenchymal cells, probably of
common origin, form fibrous tissue, cartilage, and
eventually bone at the fracture site. Some of these
cells originate in the injured tissues, while others mi-
grate to the injury site with the blood vessels. Cells
from the cambium layer of the periosteum form the
earliest bone (Figure 2-1A). Osteoblasts from the
endosteal surface also participate in bone forma-
tion, but surviving osteocytes do not appear to
form repair tissue. The majority of cells responsible
for osteogenesis during fracture healing appear in
the fracture site with the granulation tissue that re-
places the hematoma.
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FIGURE 2-3. Progressive fracture healing by fracture callus. (A) Drawing showing woven or fiber

bone bridging the fracture gap and uniting the fracture fragments. Cartilage remains in the regions
most distant from ingrowing capillary buds. In many instances, the capillaries are surrounded by new
bone. Vessels revascularize the cortical bone at the fracture site. (B) Photomicrograph of a fractured
rat femur 21 days after injury showing fracture callus united the fracture fragments. (Reprinted from

Clin Ortho Rel Res with permission [5])

The mesenchymal cells at the fracture site pro-
liferate, differentiate, and produce the fracture callus
consisting of fibrous tissue, cartilage, and woven
bone (Figure 2-3). The fracture callus fills and sur-
rounds the fracture site, and in the early stages of
healing can be divided into the hard or bony callus
and the softer fibrous and cartilaginous callus. The

bone formed initially at the periphery of the callus
by intramembranous bone formation is the hard cal-
Ius. The soft callus forms in the central regions and
consists primarily of cartilage and fibrous tissue.
Bone gradually replaces the cartilage through the
process of endochondral ossification, enlarging the
hard callus and increasing the stability of the fracture



62 CHAPTER 2 ¢ Musculoskeletal Tissue Healing

fragments (see Figure 2-4). This process continues
until new bone bridges the fracture site, reestablish-
ing continuity between the cortical bone ends.

As mineralization of fracture callus proceeds, the
bone ends gradually become enveloped in a fusiform
mass of callus containing increasing amounts of
woven bone. The increasing mineral content is
closely associated with increasing stiffness of the
fracture callus. Stability of the fracture fragments
progressively increases because of the internal and
external callus formation, and eventually clinical
union occurs—that is, the fracture site becomes sta-
ble and pain-free. Radiographic union occurs when
plain radiographs show bone trabeculae or cortical
bone crossing the fracture site and often occurs later
than clinical union. However, even at this stage heal-
ing is not complete. The immature fracture callus is
weaker than normal bone, and it only gains full
strength during remodeling.

During the final stages of repair, remodeling of
the repair tissue begins with replacement of woven
bone by lamellar bone and resorption of unneeded
callus. Although fracture callus remodeling results
from an elaborate sequence of cellular and matrix
changes, the important functional result for the pa-
tient is an increase in mechanical stability.

Repair and Remodeling of Stabilized
Fractures (Primary Bone Healing)

As described above, when motion occurs within
certain limits at a fracture site, fracture callus pro-
gressively stabilizes the bone fragments, and re-
modeling of the fracture callus eventually produces

FIGURE 2-4. Light micrograph show-
ing healing of a diaphyseal fracture under
conditions of loading and motion. This
femur fracture occurred in a pig that con-
tinued to use the limb for 3 weeks. Even
though the fracture was not stabilized, it
is healing. A large fracture callus consist-
ing primarily of woven bone surrounds
and unites the two fracture fragments. As
the callus matures, it progressively stabi-
lizes the fracture. Notice that the fracture
callus contains areas of mineralized and
unmineralized cartilage.

lamellar bone. However, when the fracture surfaces
are rigidly held in contact, fracture healing can
occur without grossly visible callus in either cancel-
lous or cortical bone. Some surgeons refer to this
type of fracture healing as primary bone healing, indi-
cating that it occurs without the formation and re-
placement of visible fracture callus.

In most fractures that are rigidly stabilized with
the bone ends directly apposed, the bone ends are
in contact in some regions of the fracture line and
other areas where there are small gaps. Where be-
tween bone ends contact, lamellar bone can form di-
rectly across the fracture line by extension of
osteons. A cluster of osteoclasts cuts across the frac-
ture line, osteoblasts following the osteoclasts de-
posit new bone, and blood vessels follow the
osteoblasts. The new bone matrix, enclosed osteo-
cytes, and blood vessels form new haversian sys-
tems. Where gaps exist that prevent direct extension
of osteons across the fracture site, osteoblasts fill the
defects with woven bone. After the gap fills with
woven bone, haversian remodeling begins, reestab-
lishing normal cortical bone structure. Cutting cones
consisting of osteoclasts followed by osteoblasts
and blood vessels traverse the woven bone in the
fracture gap, depositing lamellar bone and reestab-
lishing the cortical bone blood supply across the
fracture site without grossly visible fracture callus.
If a segment of cortical bone is necrotic, gap healing
by direct extension of osteons still can occur, but at a
slower rate, and areas of necrotic cortical bone re-
main unremodeled for a prolonged period.

Many impacted epiphyseal, metaphyseal, and
vertebral body fractures where cancellous and in
some regions cortical bone surfaces interlock have



sufficient stability to permit primary bone healing
at sites where bone surfaces make direct contact.
The same type of cancellous bone healing can occur
at osteotomies through metaphyseal bone, rigidly
stabilized intra-articular fractures, and surgical
arthrodesis treated with rigid stabilization. Most di-
aphyseal osteotomies, acute diaphyseal fractures of
long bones, and unstable metaphyseal fractures re-
quire use of devices that compress and rigidly stabi-
lize the fracture site to allow primary healing.

Failure of Fracture Healing

Despite optimal treatment, some fractures heal
slowly or fail to heal. It is difficult to set the time
when a given fracture should be united, but when
healing progresses more slowly than average, the
slow progress is referred to as delayed union. This in-
dolent fracture healing may be related to the sever-
ity of the injury, poor blood supply, the age and
nutritional status of the patient, or other factors.
Failure of bone healing, or nonunion, results from an
arrest of the healing process. A nonunion that oc-
curs despite the formation of a large volume of cal-
lus around the fracture site is referred to as a
hypertrophic nonunion (Figure 2-5), in contrast to an at-
rophic nonunion (Figure 2-6) where little or no callus

»

FIGURE 2-5. Hypertrophic delayed union of a distal tibial
fracture 5 months after injury. Note the abundant callus but
incomplete bridging of the fracture gap.
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FIGURE 2-6. Atrophic nonunion of a humeral shaft frac-
ture 18 months after fracture. Note the absence of callus.

forms and bone resorption occurs at the fracture
site. In some nonunions, cartilaginous tissue forms
over the fracture surfaces and the cavity between
the surfaces fills with a clear fluid resembling nor-
mal joint or bursal fluid creating a pseudoarthrosis, or
false joint. Pseudoarthroses may or may not be
painful, but they almost uniformly remain unstable
indefinitely. In other nonunions the gap between
the bone ends fills with fibrous or fibrocartilaginous
tissue. Occasionally dense fibrous and cartilaginous
tissue firmly stabilizes a fracture creating a fibrous
union. Although fibrous unions may be painless and
unite the fracture fragments, they fail to restore the
normal strength of the bone.

ARTICULAR CARTILAGE HEALING

Articular cartilage forms the bearing surfaces of
synovial joints. It may be injured by mechanical
forces that disrupt the articular cartilage alone or
the articular cartilage and the underlying bone. Vis-
ible disruptions of articular cartilage are referred to
as osteochondral or intra-articular fractures when they
involve both the articular cartilage and subchondral
bone; when they involve only the cartilage, they are
referred to as chondral fractures. In addition to direct
mechanical injury, articular cartilage can sustain
damage by disruption of the synovial membrane
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leading to exposure of the articular cartilage to air.
Because of these special features, acute traumatic in-
juries to synovial joints can be separated into the fol-
lowing categories: disruption of the soft tissues of
the synovial joint without direct mechanical carti-
lage injury and mechanical injury of articular carti-
lage. Because cartilage lacks blood vessels, it cannot
respond to cell damage with inflammation. How-
ever, injuries that disrupt subchondral bone as well
as the overlying cartilage initiate the fracture healing
process, and the repair tissue from bone will fill an
articular cartilage defect. Cartilage healing then fol-
lows the sequence of inflammation, repair, and re-
modeling like that seen in bone or dense fibrous
tissue. Unlike these tissues, the repair tissue that fills
cartilage defects from subchondral bone initially dif-
ferentiates toward articular cartilage rather than to-
ward dense fibrous tissue or bone.

Healing Following Disruption
of Synovial Foint Soft Tissues

Exposure of cartilage to air by disruption of the joint
capsule and synovial membrane can alter cartilage
matrix composition by stimulating degradation of
proteoglycans or suppressing synthesis of proteo-
glycans. A decrease in matrix proteoglycan concen-
tration decreases cartilage stiffness and may make
the tissue more vulnerable to damage from impact
loading. Prompt restoration of the synovial environ-
ment by closure of the synovial membrane allows
chondrocytes to repair the damage to the macromol-
ecular framework of the matrix, and the tissue may
regain its normal composition and function. How-
ever, prolonged exposure of the articular surface to
air can desiccate the tissue and kill chondrocytes.

Healing Following Damage
to the Articular Surface

Osteochondral fractures mechanically disrupt car-
tilage and bone tissue at the fracture site, but in ad-
dition, osteochondral fractures may be associated
with blunt trauma limited to cartilage, abrasions of
the articular surface, or chondral fractures. Alter-
natively, blunt trauma to a synovial joint may
occur without an associated bone or cartilage frac-
ture. Therefore, acute articular cartilage injuries
can be separated into those caused by blunt
trauma that does not disrupt or fracture tissue and
those caused by blunt trauma that mechanically

disrupts the tissue. Injuries that fracture or disrupt
cartilage can be further divided into those limited
to articular cartilage and those affecting both carti-
lage and subchondral bone.

BLUNT TRAUMA WITHOUT
ARTICULAR CARTILAGE
DISRUPTION

Acute blunt trauma may damage articular cartilage
even when there is no grossly apparent tissue dis-
ruption; and these injuries may lead to later degen-
eration of the articular surface. Physiologic levels of
impact loading have not been demonstrated to pro-
duce cartilage injury, and clinical experience sug-
gests that acute impact loading considerably greater
than physiologic loading, but less than that neces-
sary to produce detectable fractures, rarely causes
significant articular cartilage injury. However,
acute impact loading less than that necessary to
produce visible tissue disruption may cause carti-
lage swelling and alter the relationships between
collagen fibrils and proteoglycans. This observation
suggests that blunt trauma may disrupt the macro-
molecular framework of the cartilage matrix and
possibly injure cells without producing detectable
fracture of the cartilage or bone. Presumably this
tissue damage makes cartilage more vulnerable to
subsequent injury and progressive deterioration if
the cells do not rapidly restore the matrix. This type
of injury may help explain the development of artic-
ular cartilage degeneration following joint disloca-
tions or other types of acute joint trauma that do not
cause visible damage to the articular surface.

TRAUMA THAT DISRUPTS
ARTICULAR CARTILAGE

Injuries Limited to Articular Cartilage

Lacerations, traumatically induced splits of articu-
lar cartilage perpendicular to the surface, or chon-
dral fractures kill chondrocytes at the site of the
injury and disrupt the matrix. Viable chondrocytes
near the injury may proliferate, form clusters of
new cells, and synthesize new matrix. They do not
migrate to the site of the injury, and the matrix they
synthesize does not fill the defect. A hematoma
does not form, and inflammatory cells and fibrob-
lasts do not migrate to the site of injury. This mini-
mal response may be due to the inability of



chondrocytes to respond effectively to injury, the in-
ability of undifferentiated mesenchymal cells to in-
vade the tissue defect, and the lack of a clot that
attracts cells and gives them a temporary matrix to
adhere to and replace with more permanent tissue.
Although the response of chondrocytes to injury
will not heal a clinically significant cartilage defect,
most traumatic defects limited to small areas of ar-
ticular cartilage do not progress.

Osteochondral Injuries

An articular cartilage injury that also damages
subchondral bone stimulates bone fracture healing
including inflammation, repair, and remodeling.
Blood from ruptured bone blood vessels fills the in-
jury site with a hematoma that extends from the
bony injury into the chondral defect. The clot may
fill a small chondral defect, generally one less than
several millimeters wide, but it usually does not
completely fill larger defects. Inflammatory cells
migrate through the clot followed by fibroblasts
that begin to synthesize a collagenous matrix. In the
bone defect and the chondral defect some of the
mesenchymal cells assume a rounded shape and
begin to synthesize a matrix that closely resembles
the matrix of articular cartilage.

Within weeks of injury the repair tissue form-
ing in the chondral portion of the defect and the
tissue forming in the bony portion of the defect
begin to differ. Tissue in the chondral defect has a
higher proportion of repair cells and matrix which
resemble hyaline cartilage (Figure 2-7), while the
repair tissue in the bone defect has started to form
new bone. Within 6 weeks of injury repair tissue
in the two locations is distinguished by the new
bone formed in the bone defect, the absence of
bone in the chondral defect, and the higher pro-
portion of hyaline cartilage repair tissue in the
chondral defect.

While the initial repair of an osteochondral injury
usually follows a predictable course, subsequent
changes in the cartilage repair tissue vary consider-
ably among similar defects. In some chondral defects
the production of a cartilaginous matrix continues,
and the cells may retain the appearance and some of
the functions of chondrocytes, including production
of type II collagen and proteoglycans. They rarely, if
ever, restore the matrix to the original state, but they
may succeed in producing fibrocartilaginous tissue
that maintains the integrity of the articular surface
and provides clinically satisfactory joint function for
years. Unfortunately, in many other injuries the carti-
lage repair tissue deteriorates rather than remodels.
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It becomes progressively more fibrillar, and the cells
lose the appearance of chondrocytes and appear to
become more fibroblastic. The fibrous matrix may
begin to fibrillate and fragment, eventually leaving
exposed bone (Figure 2-7). The reasons why healing
of some osteochondral injuries results in formation of
fibrocartilage that may provide at least temporary
joint function, while others fail to repair, have not
been well defined.

Failure of Articular Cartilage Healing

When the healing response fails to restore a func-
tional articular surface, or the cartilaginous repair
tissue deteriorates, the joint loses its ability to pro-
vide pain-free motion. It becomes stiff and fre-
quently becomes painful, a condition called
posttraumatic osteoarthritis. The risk of posttrau-
matic osteoarthritis increases with the severity of the
joint injury as measured by the degree of disruption
of the articular surface and with the age of the pa-
tient. Residual joint articular surface incongruity
and joint instability increase the risk of degeneration
of remaining normal articular cartilage, and thereby
increase the risk of posttraumatic osteoarthritis.

DENSE FIBROUS TISSUE HEALING

In general, acute soft tissue injuries can be identi-
fied as blunt, tearing, or penetrating injuries or
combinations of these types of injury. Blunt injuries
compress and crush tissue and range from mild
contusion to severe crushing. Tearing injuries can
range from minimal elongation or stretching to rup-
ture, avulsion, or tearing away of tissue. Penetrating
injuries vary in depth and the extent to which they
cleanly lacerate tissue or cause combinations of
blunt and tearing injuries. Generally the extent of
tissue damage from penetrating injuries can be rela-
tively easily determined. It is more difficult to de-
fine the extent of cell and matrix injury from blunt
or tearing trauma.

Like bone, the response of vascularized dense
fibrous tissue to acute injury includes inflamma-
tion, repair, and remodeling, and the repair tissue
matrix consists primarily of type I collagen. Al-
though the repair tissue formed following injury to
dense fibrous tissue can replace damaged or lost tis-
sue, it rarely duplicates the structure and properties
of the uninjured tissue. The specialized forms of
dense fibrous tissue follow the same general pattern
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FIGURE 2-7. (A) Normal rabbit artic-
ular cartilage showing the homogenous
extracellular matrix. The chondrocytes
near the articular surface are relatively
small and flattened, whereas those in the
middle and deeper zones of the articular
cartilage have a more spherical shape.
(B) Well-formed fibrocartilaginous re-
pair cartilage. Notice that the extracellu-
lar matrix is more fibrillar and the
chondrocytes do not show the same or-
ganization as normal articular carti-
lage. Nonetheless, this repair cartilage
does fill the defect in the articular sur-
face. In most instances after osteo-
chondral injury, this type of tissue
forms within 6 to 8 weeks. (C) Pho-
tomicrograph showing fibrillation and
fragmentation of fibrocartilaginous re-
pair tissue. Because fibrocartilaginous
repair tissue lacks the mechanical
properties of normal articular carti-
lage, it often degenerates over time.
(Reprinted from Buckwalter JA, Mow
VC. Cartilage repair and osteoarthri-
tis. In: Moskowitz RW, Howell DS,
Goldberg VM, et al., eds. Osteoarthri-
tis Diagnosis and Medical/Surgical
Management, 2nd Ed. Philadelphia: WB
Saunders, 1992:86-87, with permission)




of healing, but because of the differences in their
structure and function, tendon, ligament, and joint
capsule and meniscus healing present different clin-
ical problems.

Tendon

All three tendon components, tendon substance,
tendon insertions, and muscle-tendon junctions,
may suffer acute traumatic injuries. Complete dis-
ruption of any part of the muscle-tendon unit al-
lows the muscle to retract, increasing the gap at the
injury site. If the injury is left untreated, scar tissue
may eventually fill the gap between the tendon
ends, but it will leave the muscle-tendon unit longer
than before injury and may bind the tendon to the
surrounding tissues. Without restoration of normal
tendon length and gliding, the function of the muscle-
tendon unit will be compromised. Furthermore,
even when tendons are repaired, gaps at the repair
site may prevent healing tendons from gaining
strength and stiffness at the same rate as repaired
tendons with gaps. The decreased strength in-
creases the risk of tendon rupture. For these reasons
restoration of muscle-tendon unit function follow-
ing a complete disruption usually requires a surgi-
cal repair that reestablishes normal muscle-tendon
unit length and has sufficient strength to allow im-
mediate motion of the tendon relative to the sur-
rounding tissues.

Injuries to lendon Substance

The specialized structure of tendons makes it possi-
ble for them to transmit the force of muscle contrac-
tion to bone, thereby producing joint motion. Some
tendons pass through well-defined synovial-lined
sheaths and dense fibrous tissue pulleys. Achieving
healing of lacerated digital flexor tendons within
these tendon sheaths while preserving the pulleys
and the tendon motion presents a unique problem
in the treatment of musculoskeletal injuries. The cut
tendon ends can be sutured and will heal, but if the
repair tissue scars the tendon to the sheath or the
pulleys, tendon motion will be restricted and may
cause joint contracture. Tendons without sheaths do
not usually present this problem because scarring of
their repair tissue to surrounding loose areolar tis-
sue often will not severely restrict motion.

Tendon healing begins with inflammatory cell
and fibroblast migration into the site of injury.
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Granulation tissue proliferates around the injury
site and between the ends of the sutured tendons
and deposits randomly-oriented collagen fibrils
(Figure 2-8). The density of fibroblasts increases up
to 3 weeks after injury when granulation tissue fills
and surrounds the repaired area. If the tendon has
been sutured, the suture material holds the tendon
ends together until the fibroblasts have produced
sufficient collagen to form a “tendon callus.” The
tensile strength of the repaired tendon depends on
the collagen concentration and the orientation of
the collagen fibrils. The collagen fibrils become lon-
gitudinally oriented by about 4 weeks, and during
the next 2 to 3 months the repair tissue remodels
until it resembles normal tendon (Figure 2-8). The
amount and density of the scar tissue adhesions be-
tween the tendon injury site and surrounding tis-
sues depend on the intensity, extent, and duration
of the inflammatory and repair phases of healing
and the mobility of the tendon during repair.

Early controlled mobilization of a repaired ten-
don can reduce scar adhesions between the tendon
injury site and the surrounding tissue and facilitate
healing, but excessive loading may disrupt the re-
pair tissue and create gaps at tendon repair sites.
Thus, optimal tendon healing depends on surgical
apposition and mechanical stabilization of the ten-
don ends without excessive soft tissue damage and
on creating the optimal mechanical environment for
healing. This mechanical environment includes suf-
ficient tendon mobility to prevent adhesions and
sufficient loading to stimulate remodeling of the re-
pair tissue matrix along the lines of stress, but loads
applied to the tendon must not exceed the strength
of the surgical repair.

Injuries to lTendon Insertions

Disruption of tendon insertions into bone often in-
volves a fracture or avulsion of a bone fragment at
the site of injury. These injuries usually can be treated
by surgically reducing and stabilizing the fracture or
reinserting the tendon into the bone and stabilizing
the insertion. Healing occurs either by bony union or
by union of the bone to the tendon substance.

Injuries to Muscle-Tendon functions
Partial muscle-tendon junction injuries usually will

heal successfully if further injury can be prevented,
but complete or nearly complete avulsions or tears
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can present difficult problems because attempts to
suture muscle tissue consisting primarily of mus-
cle cells to tendon is unlikely to restore the struc-
ture and function of the muscle-tendon junction.
Optimal healing of these injuries depends on ap-
proximation of the avulsed tendon and any rem-
nants of the tendon remaining attached to the
muscle or, when available, muscle fascia. Al-
though it may appear that muscles attach to ten-
dons over a small area, in many muscles thin
extensions of their tendons penetrate long dis-
tances within the muscle bellies. Identification of
these thin bands of tendon within muscle may
make it possible to suture them to an avulsed or
partially avulsed tendon in the proximal and dis-
tal thirds of many muscles and as far as the middle
third of some muscles.

FIGURE 2-8. The sequence of events following a
tendon laceration. A hematoma forms between the
tendon ends. Inflammatory cells, undifferentiated
mesenchymal cells, fibroblasts and blood vessels grow
into the gap between the tendon ends. The fibroblasts
repair the tendon defect by proliferating and synthe-
sizing a new matrix. This repair tissue remodels until
it closely resembles the uninjured tendon tissue.

LIGAMENT AND JOINT CAPSULE

Ligament and joint capsule substance healing fol-
lows the sequence described for healing of tendon
substance by extrinsic cells (Figure 2-8). Also, as in
tendon healing, early motion and loading of injured
ligaments can stimulate healing. Because controlled
normal motion of a joint does not necessarily cause
large forces in the ligaments and joint capsule, lim-
ited joint motion will not necessarily disrupt the re-
pair of the tissue.

If ligament or capsular tears heal with a signifi-
cant gap or fail to heal, the resultant joint instability
may increase the probability of subsequent joint in-
jury and degenerative joint disease. For this reason,
restoration or maintenance of near-normal ligament
and capsule length and maintenance of normal joint



motion should be the objectives of treatment. The
most favorable condition for healing divided liga-
ments and joint capsules is direct apposition of the
divided surfaces. Apposition and stabilization of
the injury site decreases the volume of repair tissue
required to heal the injury, minimizes scarring, and
may help provide near-normal tissue length. A su-
tured ligament can heal with a minimal gap. When
tested under tension, sutured ligaments are
stronger than those that heal with a significant
length of scar tissue, and ligaments that heal with a
gap between the cut ends may have a decreased
ability to stabilize the adjacent joint. However,
many ligament and joint capsule tears heal without
surgical repair and function as well or better than
surgically repaired ligaments and capsules if the
torn ends do not retract and the tear occurs through
tissue with an adequate blood supply.

Meniscus

The response of meniscal tissue to tears depends
on whether the tear occurs through a vascular or
an avascular portion of the meniscus. The vascular
regions respond to injury like other vascularized
dense fibrous tissues. This response can heal a
meniscal injury and restore the tissue structure and
function if the torn edges remain apposed and if the
repair tissue is not disrupted in the early stages of
healing. Providing these conditions frequently re-
quires surgical repair of meniscal tears or tears of
meniscal attachments. The avascular regions of
meniscal tissue, like articular cartilage, do not re-
pair significant tissue defects. Cells in the region of
the injury, like chondrocytes in the region of the in-
jury limited to articular cartilage, may proliferate
and synthesize new matrix but there is no evidence
that the cells migrate into the defect site or produce
new matrix that can fill the defect site.

Failure of Dense Fibrous Tissue Healing

Injuries to tendons, ligaments, joint capsules, and
menisci may fail to heal despite treatment. Instead
of a firm scar aligned along the lines of stress, the in-
jury site contains filmy loose connective tissue,
myxoid tissue, or granulation tissue. The reasons
for failure of healing are unclear in some instances,
but identifiable causes include a large gap at the in-
jury site, extensive damage to the surrounding tis-
sue including loss of vascular supply, excessive
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early loading and motion of the repair tissue, and
injury-related necrosis of the tissue. Surgical treat-
ment may also contribute to poor healing. Extensive
dissection can devascularize traumatized tissue,
and inappropriate suture technique may also dam-
age the blood supply to the injury site or place ex-
cessive tension on a sutured tissue.

SKELETAL MUSCLE HEALING

The same mechanisms of acute trauma that damage
dense fibrous tissue structures (i.e., blunt trauma,
lacerations, and tearing injuries) also injure muscle.

Types of Muscle Tissue Injury

Acute muscle injuries can be grouped into three types
that differ in their potential for healing based on the
components of the muscle left intact (Table 2-1).

A type I muscle injury damages muscle fibers but
leaves the extracellular matrix, blood vessels, and
nerve supply intact. Blunt trauma, including surgi-
cal trauma, mild stretching injuries, and temporary
ischemia can cause a type I injury. The muscle fibers
will be damaged but the basal lamina and other
components of the extracellular matrix, the blood
supply, and the nerve supply remain intact. These
injuries occur frequently and can heal through
spontaneous muscle fiber regeneration that restores
the original structure, composition, and function of
the muscle.

A type 1 muscle injury damages the nerve sup-
ply and may include damage to the myofibers, but
leaves the extracellular matrix and blood supply in-
tact. Type II injuries may result from isolated pe-
ripheral nerve damage, blunt trauma, or stretching
of nerve and muscle. Because the matrix maintains
the muscle structure, if regenerating nerve fibers
reach intact neuromuscular junctions, the potential
for restoration of function exists.

A type III muscle injury causes loss or necrosis of
all muscle tissue components, including myofibers
and extracellular matrix and/or prolonged loss of
blood and nerve supply. Type III injuries result from
severe blunt trauma, tearing, or penetrating trauma.
If the vascular supply remains intact, the inflamma-
tory response can remove the necrotic tissue, but
some type III injuries compromise the blood supply,
and the necrotic muscle is not removed and must be
surgically debrided. If the necrotic tissue is removed,
repair can begin. Cells capable of differentiating into
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TABLE 2-1.

Acute Skeletal Muscle Injuries

Injury Type Description Tissue Response Potential for Healing
I Damage to muscle fibers without significant Organized muscle fiber A significant inflammatory

disruption of their extracellular matrix, regeneration response may lead to some scar
blood vessels and nerves. (These injuries Formation of fibrous tissue formation, but most of these
result from blunt trauma, including after an inflammatory injuries result in normal
surgical trauma, mild stretching injuries, response structure and function.
and temporary ischemia.)

I Damage to nerves that leaves the muscle Organized nerve fiber and If regenerating nerve fibers reach
extracellular matrix and blood supply muscle fiber regeneration intact neuromuscular
intact but may include damage to the Formation of fibrous tissue junctions, the potential for
myofibers. (These injuries may result after an inflammatory restoration of function exists.
from isolated peripheral nerve damage, response
blunt trauma, or stretching of nerve
and muscle.)

1 Loss or necrosis of all muscle tissue Disorganized muscle fiber Scar formation with scattered
components, including myofibers and regeneration myoblasts result in loss of
extracellular matrix. (These injuries result Formation of fibrous tissue function in the injured region.
from prolonged ischemia and loss of The scar may allow function of
innervation and from severe blunt adjacent intact or less severely
trauma, tearing, or penetrating trauma.) injured muscle.

Data from Caplan A, Carlson B, Faulkner J. et al. Skeletal muscle. In: Woo SL-Y, Buckwalter A, eds. Injury and Repair of the
Musculoskeletal Soft Tissues. Park Ridge, Illinois: American Acadeny of Orthopaedic Surgeons, 1988:213-291; and Carlson BM, Faulkner
FA. The regeneration of skeletal muscle fibers following injury: a review Med Sci Sports Excer 1983; 15:187-198, with permission.

myoblasts survive even severe injuries or migrate
into the injury site. However, the lack of an extracel-
lular matrix to guide regeneration of myofibers usu-
ally prevents formation of organized muscle tissue.
Even if such tissue forms, lack of guidance for rein-
nervation prevents regenerated myofibers from re-
gaining function. For these reasons, the usual result
of a type III muscle injury is healing by scar forma-
tion with scattered myoblasts attempting to form
myofibers.

Blunt trauma to skeletal muscle occurs fre-
quently as an isolated injury or in association with
fractures. The results vary from type I to type III
muscle injuries. Mild blunt trauma to skeletal
muscle damages myofibers without disruption of
extracellular matrix, nerves, or vessels—a type I
muscle tissue injury. A slightly more severe injury
ruptures blood vessels as well as myofibers, caus-
ing hemorrhage and inflammation. Healing of
these injuries generally results in restoration of
normal function. At the other extreme, blunt
trauma can crush all components of skeletal mus-
cle resulting in a type III muscle tissue injury that
heals with scar tissue or that may not heal. If the
area of the crushing injury is relatively small,
muscle function may not be noticeably altered.
However, following an extensive crushing injury,
the cells replace large areas of the muscle with

noncontractile regenerating myofibers and scar,
permanently decreasing muscle strength.

Most penetrating injuries of muscle result from
lacerations or combinations of blunt trauma and
lacerations. Because lacerations necessarily dam-
age myofibrils, extracellular matrix, nerves, and
blood vessels, they are type III tissue injuries. Fol-
lowing complete laceration and suture repair the
separated muscle fragments heal primarily by scar,
with a small number of regenerated myotubes
within the scar. True regeneration of functional
muscle tissue and nerves across complete lacera-
tions has not been demonstrated, and muscle frag-
ments separated from their nerve supply show the
changes of denervation. Transected myofibers may
form buds, but these buds fail to restore normal tis-
sue across the laceration.

Muscle healing, like healing of the other vascu-
larized tissues, proceeds through inflammation, re-
pair, and remodeling.

Inflammation

Damage to myofibers initiates inflammation, which
includes migration of inflammatory cells into the in-
jured muscle and, in most injuries, hemorrhage and
formation of a hematoma. In addition to hematoma



formation, and the other events seen following in-
jury to vascularized tissues, an important part of
the inflammatory process in skeletal muscle is the
removal of damaged muscle fibers by phagocytic
inflammatory cells that penetrate and fragment
necrotic myofibers. After they enter damaged mus-
cle fibers, these cells phagocytize bundles of contrac-
tile filaments and other cytoplasmic debris. This
macrophage activity not only removes damaged cell
organelles, it may have an important role in stimu-
lating regeneration of myofibers.

Repair

As macrophages remove damaged or necrotic my-
ofibers, spindle-shaped myogenic cells appear and
begin to proliferate and fuse with one another to
form long syncytial myotubes with chains of central
nuclei. Frequently, several of these early regenerat-
ing myotubes form within the basement membrane
tube of a single necrotic muscle fiber. As they en-
large, the myotubes construct their sarcoplasmic
reticulum and begin to assemble organized bundles
of contractile filaments. The central chains of nuclei
break up and migrate to the periphery of the my-
otube, completing the transition of the myotube into
a muscle fiber. Contractile proteins continue to accu-
mulate and form myofibrils. To become functional, a
regenerating muscle fiber must be innervated, in-
cluding formation of a neuromuscular junction.

At the same time myotubes are regenerating,
fibroblasts are producing granulation tissue nec-
essary to repair the matrix of the muscle. How-
ever, this granulation tissue can interfere with the
orderly regeneration of the myofibers producing a
disorganized mass of scar and partially regener-
ated myofibers. This type of tissue may restore the
continuity of the muscle, but not its contractile
function. Therefore, the optimal results of muscle
healing require a balance between myofiber re-
generation and synthesis of new matrix and ap-
propriate organization and orientation of these
two components of the healing muscle.

Remodeling

Once muscle fibers have appeared, the extracellular
matrix continues to remodel. If excessive scar for-
mation can be avoided and the muscle cells are in-
nervated, controlled muscle contraction and
loading increases the strength of the injured muscle.
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Failure of Skeletal Muscle Healing

Muscle trauma that destroys myofibers and their
extracellular matrix heals with scar. In some in-
stances, the scar joins remaining intact muscle to
either tendon or adjacent intact muscle. If the re-
maining muscle hypertrophies it can restore at least
some normal function. Blunt trauma to muscle may
also stimulate bone formation, myositis ossificans.
The new bone can be contiguous with periosteum
or lie entirely within muscle, free of any connection
with underlying bone. Extensive myositis ossificans
may weaken the muscle and restrict joint motion.

SUMMARY

The primary tissues that form bones and joints and
bone and articular cartilage differ in their compo-
sition, structure, and capacity for healing. Bone
fractures initiate a response that begins with in-
flammation (the cellular and vascular response to
injury), proceeds through repair (the replacement
of damaged or lost cells and matrices with new
cells and matrices), and ends with remodeling (re-
moval, replacement, and reorganization of the re-
pair tissue, usually along the lines of mechanical
stress). Injury to articular cartilage does not trigger
an inflammatory response, but the cells respond to
injury with an effort at cell proliferation and syn-
thesis of new matrix. This effort rarely, if ever, re-
stores a normal articular surface. When injuries
extend through articular cartilage into bone, the
repair tissue that forms in the bone extends into
the region of the chondral injury and produces a fi-
brocartilaginous tissue that in some instances re-
stores a functional articular surface. The principles
of treating acute bone and joint injuries include
preventing further tissue damage, avoiding treat-
ments that compromise the natural healing process,
and creating the optimal mechanical and biologi-
cal conditions for healing. This treatment may in-
clude removing necrotic tissue, preventing
infection, rapidly restoring blood and nerve sup-
ply when necessary, and in some circumstances
providing apposition, alignment, and stabilization
of injured tissue. The ideal result of healing—
restoration of the original structure, function, and
composition of the tissue—may occur following
certain dense fibrous tissue injuries and some
skeletal muscle injuries. Achieving ideal results is
most likely to occur following fibrous tissue injuries
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in tissues with an excellent blood supply and in-
juries that do not cause segmental tissue loss. Fol-
lowing type I and type II injuries, skeletal muscle
can regain normal structure and function. Dense
fibrous tissue injuries that lead to segmental tissue
loss and type III muscle injuries heal by formation
of scar consisting primarily of a dense collagenous
matrix containing primarily type I collagen and fi-
broblasts. Scar tissue may restore clinically accept-
able function of injured tissue, especially in some
tendon and ligament injuries and lacerations of
skeletal muscle. As with bone and joint injuries,
the principles of treating acute musculoskeletal
soft tissue injuries include preventing further tis-
sue damage, avoiding treatments that compromise
the natural healing process, and creating the opti-
mal mechanical and biological conditions for heal-
ing. Treatment includes removing necrotic tissue,
preventing infection, rapidly restoring blood and
nerve supply when necessary, and in some circum-
stances providing apposition, alignment, and stabi-
lization of injured tissue. Early controlled loading
and motion of the repair and remodeling tissues im-
proves healing of many injuries, but uncontrolled

or excessive loading can adversely affect or even
prevent healing.
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Gait Analysis
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Observation INTERPRETATION OF GAIT SUMMARY

Movement Measurement DATA

Force Measurement

uman locomotion is a complex task. Because of inherent differences in
anatomical structure, motor control patterns, and pathological or chronological
changes, each person’s gait pattern is unique. However, because everyone has
the same basic anatomic and physiological makeup, human locomotion occurs
in a similar manner for everyone. The cyclical and highly automated movement
pattern during human locomotion involves rhythmic, alternating motions of the
trunk and extremities. This movement pattern provides a unique characteristic
of limb movement that can be studied with a high degree of accuracy. This spe-
cific branch of biomechanics is defined as gait analysis—a quantitative descrip-
tion of human locomotion.

Human motion analysis has widespread applications spanning many disci-
plines. In the field of medicine, motion analysis studies are fundamental to un-
derstanding the mechanics of normal and pathological movement. This
information is useful for the diagnosis and treatment of patients with motor de-
ficiencies. Others in the field of medicine use human models for the develop-
ment of functional electrical stimulation protocols to restore mobility to
paralyzed individuals. Sports medicine physicians also use motion analysis to
test strategies for optimizing various sports movements. Clearly motion analysis
techniques have widespread applications in medicine.

Motion analysis laboratories provide quantitative information that can be
used as a basis for appropriate therapeutic intervention, as well as to objectively
evaluate the effectiveness and efficacy of treatment methods. Clinical gait analy-
sis is used to quantify the mechanics of walking and to identify deviations in
normal movement. The causes of abnormal movement can then be distinguished
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from compensations in order to provide appropri-
ate treatment recommendations. The ability to ob-
jectively quantify movement patterns is critical for
prescribing specific treatment modalities. The focus
of this chapter is on the methods for objective as-
sessment of human movement. This chapter dis-
cusses available measurement technology and
application of this technology for clinical treatment
planning and assessment.

HISTORICAL PERSPECTIVE

The concept of depicting and recording human mo-
tion began during the Renaissance period. Gio-
vanni Alfonso Borelli, a student of Galileo, was
among the first scientists to analyze motion while
developing his theory of muscle action based on
mechanical principles. The quantitative study of
human locomotion began in the nineteenth cen-
tury. Duchenne conducted the first scientific sys-
tematic evaluation of muscle function. His findings
were published in the monumental work, Physiolo-
gie des Mouvements, published in 1867. Leland Stan-
ford, governor of California and horse breeder,
hired Eadweard Muybridge in 1872 to determine
whether a trotting horse had all four feet off the
ground at any instant in time. Muybridge placed
cameras at regular intervals along a race track. Thin
threads stretched across the track triggered the
shutters. The horse’s hooves triggered cameras in
order, and a series of photographs clearly depicted
the gait sequence. Muybridge subsequently com-
piled a detailed photographic expose of human
and animal locomotion, which was published in
three volumes (original work published in 1887).
At the turn of the twentieth century in Ger-
many, Braune and Fischer (1895) became interested
in measuring the motion of human body segments.
They placed Geissler tubes, containing a rarified ni-
trogen gas, on various limb segments of a human
subject dressed in black. Electrical circuits con-
nected to the tubes created incandescence, and cam-
eras recorded the illuminated tubes as the subject
walked. Experiments were carried out at night be-
cause there was no means to darken the room in
which studies were performed. It took 10 to 12 hours
to put this apparatus on the subject, whereas data
collection was completed in minutes using four
cameras. The images were digitized using a preci-
sion optical device. Coordinate geometry was used

to extract three-dimensional coordinates. Equations
needed to calculate resultant forces and moments at
the joints of a 12-segment rigid body model were
formulated. Their quantitative results were pub-
lished in 1895 and are still valid today.

Inman and colleagues combined rudimentary
motion recordings with electromyography (EMG)
in the mid-1900s. Their pioneering work in limb
prosthetic research laid the foundation for modern
gait analysis. Their accumulated experience was
published in 1981 as a textbook, Human Walking,
which represents the seminal textbook in the field.

Since this pioneering work, much effort has
been put into developing the needed technology for
human movement analysis. Automated movement
tracking systems have replaced hand digitization.
Advances in the aerospace industry have been uti-
lized for the development of force plates for kinetic
analysis. Computerized electromyography systems
have replaced hand palpation. Currently, the tech-
nology and knowledge for gait analysis has ad-
vanced to a level that permits rapid analysis. Gait
analysis laboratories now exist in many different
centers, and gait analysis is used for orthopedic sur-
gery, clinical rehabilitation, sports medicine, and in-
dustrial ergonomics.

EQUIPMENT AND METHODS

Observation

The simplest form of gait analysis is observational
gait analysis. A systematic approach for observa-
tional gait analysis was developed at the Rancho
Los Amigos Medical Center in Downey, California.
An experienced observer can detect many gait de-
viations during both stance and swing phases.
However, an obvious limitation of observation in
gait analysis is the difficulty of observing multiple
events and multiple body segments interacting
concurrently. Further, it is not possible to visualize
the location of force vectors in space or elec-
tromyographic activity of muscles. Events happen-
ing faster than & of a second (83 ms) cannot be
perceived by the human eye. More consistent ob-
servations are obtained when motion videotapes
are reviewed in slow motion. Three expert ob-
servers rated video footage of 15 children who had
lower limb disability and wore braces. Pearson’s
correlation coefficient was 0.6 within observers



and less between observers. Thus, observational
gait analysis is a convenient, but only moderately
reliable technique. Saleh and Murdoch (1985) uti-
lized experienced observers to study the gait of
transtibial amputees. The prosthetic limbs of the
amputees were intentionally misaligned in the
sagittal plane. The agreement of experienced ob-
servers with a biomechanical model was 22%. In a
similar study, 54 licensed physical therapists with
varying amounts of clinical experience rated
three patients with rheumatoid arthritis. General-
ized Kappa coefficients ranged from 0.11 to 0.52
indicating that clinician assessments are only
slightly to moderately reliable. Thus, it is easy to
see that limitations in observational gait analysis
can lead to misinterpretation of the patient’s loco-
motion capabilities. Hence, it is important to uti-
lize advances in gait analysis techniques to more
precisely quantify the patient’s functional status.
Extensive instrumentation has been developed
for recording the various parameters used to de-
scribe gait.

Movement Measurement

In the biomechanical analysis of motion, skeletal
segments are studied as rigid links moving through
space. These rigid links are assumed to be intercon-
nected through a series of frictionless joints. Mea-
surement systems that are aimed at capturing the
spatial trajectories of body segments usually in-
volve a camera system or an electromagnetic sys-
tem that tracks a series of body-fixed markers.
External markers are used to define orthogonal
coordinate systems affixed to each body segment,
whose axes define the position of these body seg-
ments. With a camera-based system, either passively
reflective or actively illuminated markers are used
(Figure 3-1A). These markers are commonly at-
tached to the subjects as either discrete points or
rigid clusters with multiple markers on each cluster.
Placement of these external markers on the surface
of the body segments are aligned with particular
bony landmarks. As the patient walks along a
marked walkway, the cameras track and record the
marker trajectories. Using stereophotogrammetric
principles, the planar projections of markers viewed
by each camera are used to reconstruct the three-
dimensional instantaneous position of the markers
relative to an inertially fixed laboratory coordinate
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FIGURE 3-1. Body-fixed reflective markers used for es-
tablishing anatomical coordinate systems. (A) Video cam-
era motion measurement systems calculate the location of
external markers placed on the body segments and
aligned with specific bony landmarks. (B) A body-fixed
external coordinate system is then computed from three
or more markers on each body segment. (C) Subse-
quently, a subject calibration relates the external coordi-
nate system with an anatomical coordinate system
through the identification of anatomical landmarks, for
example, the medial and lateral femoral condyles and me-
dial lateral malleoli. continued
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system. If the position of at least three noncolinear
points fixed to the body segment can be obtained
(and the body segment is assumed to be rigid), then
the 6 degrees of freedom associated with the posi-
tion and orientation of each segment can be ob-
tained. Initially, a body-fixed coordinate system is
computed for each body segment (Figure 3-1B). For
instance, consider the markers on the shank at an in-
stant in time. A vector, Stz can be formed from the
lateral malleolus (B) to the lateral knee marker (A).
Another vector can be formed from the lateral malle-
olus to the marker on the shank wand (C). The vec-
tor cross-product of these two vectors is a vector Sy,
which is perpendicular to the plane containing all
three markers. The unit vector, Sry, may be deter-
mined as the vector cross-product of Syz and Stx.
Thus, the vectors Stx, Sty, and Stz form an orthogo-
nal body fixed coordinate system, called a technical
coordinate system. In a similar manner, the marker
based or technical coordinate system may be calcu-
lated for the thigh, that is, Ttx, Ty, and Tyz. These
segments are linked and thus lack independence of
movement. Hence, their points of attachment, that
is, the joints, are the points of principal kinematic
significance. Once the position of adjacent limb seg-
ments has been determined, it is possible to deter-
mine the relative angle between adjacent limb
segments in three dimensions. This assumes that the
technical coordinate systems reasonably approxi-
mate the anatomical axes of the body segments, for
example, Ttz approximates along axis of the thigh
and Stz approximates along the axis of the shank.
A more rigorous approach adapts a subject calibra-
tion procedure to relate the technical coordinate
systems with pertinent anatomical landmarks. Ad-
ditional data can be collected that relates the techni-
cal coordinate system to the underlying anatomical
coordinate system. The subject calibration is per-
formed as a static trial with the subject standing. Ad-
ditional markers are typically added to the medial
femoral condyle and the medial maleolli during the
static calibration trial. These markers serve as
anatomical references for the knee axis and ankle
axis. The hip center location is estimated from mark-
ers placed on the pelvis. The technical coordinate
system is then transformed into alignment with the
anatomical coordinate system for each limb seg-
ment, for example, Sxx, Say, Saz (Figure 3-1C). The
marker system is coupled to a biomechanical model.
Once the position of adjacent limb segments has
been determined (and each body segment is as-
sumed to be rigid), it is possible to determine the rel-
ative angles between adjacent limb segments in

C X
FIGURE 3-1C. (Continued)

three dimensions. Motion measurements are made
in reference to the joint centers. The Euler/Cardan
system is the most commonly used method for de-
scribing three-dimensional motion (Figure 3-2). It
describes angular motion as a sequence of ordered

Determination of Joint Motion

fi=[1]5+7
where
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FIGURE 3-2. Description of knee joint motion using
Eulerian angle system. An axis fixed to the distal femur de-
fines flexion—extension motion, ®. An axis fixed to proximal
tibia along its anatomical axis defines internal-external rota-
tion, W. A floating axis is orthogonal to the other two axes
and used to measure abduction-adduction, 0. (Reproduced
with permission from Chao, 1980)



rotations about the axes of the Cartesian coordinate
system. Although the rotations are sequence de-
pendent, the Cardan angle description defines rela-
tive joint motion in a manner that is physically
meaningful and clinically relevant.

Recently, advances have been made in the ani-
mation industry that will have future applications
in the biomechanics field. Computerized motion
analysis systems have been developed that pro-
vide marker trajectory data in real time. These
systems are now available for applications in bio-
mechanics. These applications make it possible to
obtain results of gait analysis studies much faster
and will make gait analysis much more clinically
available.

Another recent development to be used for
quantifying human motion is an electromagnetic
tracking system. Electromagnetic systems detect the
motion of sensors placed on each segment using an
electromagnetic field. A three-axis magnet dipole
source and a three-axis magnetic sensor are used
(Figure 3-3). The excitation of the source and the re-
sulting sensor output are represented as vectors.
The source excitation pattern is composed of three
sequential excitation states, each of which produces
an excitation vector that is linearly independent of
the other two. The sensor is connected to a system
controller through a cable. The sensor outputs are
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pre-amplified, multiplexed, and transmitted to a
system electronics unit. The resultant set of three
sensor output vectors contains information suffi-
cient to determine both the position and orientation
of the sensor relative to the source. Thus, these sys-
tems can provide real-time 6 degree-of-freedom
movement data. The use of this equipment is grow-
ing in areas of human motion analysis. The instru-
mentation is simple to use and is insensitive to limb
interference. The limitations are the sampling fre-
quency and the sensitivity to magnetic interference
from nearby ferromagnetic metallic structures such
as a total joint replacement. Nonetheless, as these
electromagnetic system capabilities increase, it is
expected that these devices will be used more fre-
quently for movement analysis.

Force Measurement

Gait analysis is also concerned with the forces that
cause the observed movement and the assessment of
their effect on locomotion (kinetic analysis). Kinetics
is the branch of mechanics focusing on the forces
and moments transmitted across the joints of the
body. Forces acting on the human body can be di-
vided into internal and external forces. The external
forces represent all physical interactions between

Electromagnetic Tracking Technology
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FIGURE 3-3. System block diagram of an electromagnetic tracking system. The 3-axis magnetic
source emits three sequential excitation states that are picked up by the 3-axis magnetic sensor. The
resultant set of sensor excitation vectors is used to calculate the position and orientation of the sen-

sor relative to the source.
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the body and the environment. These forces include
gravitational, ground reaction forces, and inertial
forces. The internal forces are those transmitted by
body tissues that include muscular forces, ligament
forces, and forces transmitted through joint contact.

While the motion capture system records the
body segment movements, force plates simultane-
ously measure the force generated by the interac-
tion of the foot with the ground. This resultant
force is referred to as the ground reaction force
(GREF). Current force plates typically use strain gauge
or piezoelectric transducers. These devices are em-
bedded in the walkway of the laboratory and meas-
ure the magnitude and direction of the resultant
GREF applied to the foot by the ground (Figure 3-4).
The GRF vector is three dimensional and consists
of a vertical component plus two shear components
acting along the force plate surface. The shear
forces are applied parallel to the ground and re-
quire friction. These shear forces are usually re-
solved in the anterior-posterior and medial-lateral
directions. An additional variable, the center of
pressure, is needed to define the location of this
GREF vector. The center of pressure is defined as the
point about which the distributed force has zero
moment when applied to the foot. It is found by de-
termining the line of action of the forces measured
by the platform and calculating where that line in-
tersects the surface of the force platform.

This force data is combined with kinematic data
using Newton’s second law to calculate the inter-
segmental forces and moments causing motion

FIGURE 3-4. A force plate is used to measure the location
and magnitude of the ground reaction force. Transducers
are located in the four corners of the plate. The ground re-
action force is divided into three force (F,, I, F,) and three
moment (M,, My, M,) components. F, and F, are shear
forces. F, is the vertical force. Some force plates only meas-
ure the moment around the vertical axis, that is, M,. This as-
sumes that no tensile forces are imposed on the force plate;
that is, the foot does not stick to the plate. Under this as-
sumption, the other moments are zero.

EFENOMEL

FIGURE 3-5. The joint dynamics, which include the inter-
segmental forces and moments, are computed through the
use of Newtonian mechanics. The computation accounts for
the external loads applied at the foot, for example, the
ground reaction forces, F and T, the weight of the limb seg-
ment, mg, and the inertial loads, ma and H,, in order to cal-
culate the intersegmental force, F, and moment, M.

(Figure 3-5). The process of proceeding from known
kinematic data and external forces to obtain inter-
segmental joint forces and moments is called the in-
verse dynamics approach. The gravitational forces
acting on each body segment are determined from
the relevant mass and location of the center of mass
for each segment. These quantities are calculated
along with the segmental mass moments of inertia
using prediction techniques from anthropometric
dimensions. The inertial forces are obtained from
calculations of angular and linear position, as well
as velocity and acceleration of the body segments
with respect to either a fixed laboratory coordinate
system or referenced to another body segment using
kinematic data. This information is then combined
to solve the inverse dynamics problem (Figure 3-6).
Joint power may also be calculated. This data pro-
vides an understanding of the subtle musculoskele-
tal adaptations, which are utilized by patients to
maintain dynamic balance during gait. Kinetic data
is available at the hip, knee, and ankle joint. When
the position of this force line with respect to joint
center has been established by combining force and
movement data, the extrinsic joint moment, which is
the product of lever arm and the ground reaction
force, plus gravity and inertia is calculated. This mo-
ment is of great importance because the lower ex-
tremity muscles act during load bearing. Thus, the
external moment defines the requirements for intrin-
sic (muscle) force. For example, when the force line
falls behind the knee joint center, quadriceps muscle
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INVERSE DYNAMIC PROBLEM

FIGURE 3-6. Solution process for inverse dy-
namics problem. Displacement information must
be differentiated twice to yield acceleration. Ei-
ther Newtonian or Lagranian formulations can
be used to formulate the equations of motion.

action is required to prevent knee collapse, and
when the force line falls in front of the knee, extensor
muscle force is not needed. When surgical interven-
tion or nonsurgical treatment such as an orthoses is
prescribed for a patient, the kinetic parameters offer
insight into the treatment effectiveness.

At each joint, a state of equilibrium exists where
the external joint forces are balanced by the internal
joint forces. The measurement of internal forces re-
quires sophisticated techniques that are invasive.
Analytical procedures have been developed for esti-
mating internal joint forces. These analytical ap-
proaches use classical mechanics and mathematical
optimization routines. These analytical approaches
require the use of simplifying assumptions about
the mechanical structure and knowledge of muscle
physiology principles. Thus, the accuracy of the an-
alytical predictions depends not only on the quality
of the input data but also on the validity of the as-
sumptions. In general, it is necessary to evaluate the
estimated quantities by comparing them with ex-
perimental observations. Typically, electromyo-
graphic data is obtained to provide information
regarding muscle activation patterns.

Electromyography

Electromyography (EMG) is the recording of electri-
cal activity during muscle contraction. Neuromus-
cular coordination is required to adjust the varying
muscular and ligamentous forces interacting with
the abundant degrees of freedom in the joints and
other parts of passive locomotive system to obtain
dynamic balance during gait. Electromyographic
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data is useful to provide information about the
timing of muscle activity and the relative intensity
of muscle contraction. Both surface and fine-wire
electrodes have been used for gait kinesiologica
EMG. Each type of electrode has its advantages
and disadvantages. Surface electrodes are conven-
ient, easy to apply to the skin, and do not cause irri-
tation or discomfort to the subject. However, they
pick up signals from other active muscles in the
general area of application. This feature makes sur-
face electrodes the ideal choice for analysis of global
activity in superficial muscles or muscle groups. In
addition, surface electrodes are sensitive to move-
ment of the skin under the electrodes and have poor
specificity. They are influenced by significant mus-
cle “cross-talk,” in which the electrode signals of
one muscle interfere with the signals from another.
Thus, the activity of adjacent muscle groups can in-
terfere and lead to false results. However, a double
differential technique has been shown to reduce
cross-talk in surface EMGs. The major advantage
of fine-wire electrodes is selectivity to measure the
activity of specific muscles. The influence of elec-
trical activity of nearby muscles is greatly reduced.
Nonetheless, a number of disadvantages are associ-
ated with fine-wire electrodes. Patient discomfort
on insertion, the difficulty of accurate placement,
wire movement with muscle contraction, and the
need for licensure to utilize wire electrodes are
some of the drawbacks. Electrical stimuli is usually
given to confirm the accuracy of fine-wire placement.
Furthermore, subjects with in-dwelling electrodes
walk more slowly after insertion of the electrodes.
Because needle electrodes are inserted transcuta-
neously, they must be sterilized and sufficiently
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strong to resist breakage. Commonsense considera-
tions, such as time, expense, discomfort experienced,
the tolerance of the subject to multiple needle inser-
tions, and the influence of in-dwelling electrodes on
walking, necessitate a selection of the muscles most
relevant to the specific movement abnormalities.
Large muscles near the surface can be studied well
with surface electrodes, whereas small muscles and
those surrounded by other muscles require inser-
tion of fine-wire electrodes. EMG systems are avail-
able in either hardwired or telemetry versions. The
hardwired versions now send multiple signals on a
single cable. These systems are reliable and less ex-
pensive than telemetry. Telemetry systems do not
encumber the subject with cables but are suscepti-
ble to electromagnetic interference.

Once the EMG data is acquired, it must be
processed further to provide information about the
timing of muscle activity and the relative intensity
of the muscle activity. The EMG data is recorded
throughout the gait cycle. The gait cycle is indi-
cated either with synchronization of the kinematic
data, foot-switch information, or force plate data to
indicate each foot strike and toe-off. Analysis of the
EMG is done by a phase-time plot of the activity of
the muscle against events of the gait cycle. The raw
EMG signal can be analyzed or processed further.
The most common methods of EMG signal process-
ing are full wave rectification, linear envelope, and
integration of the rectified EMG. The linear enve-
lope is created by low-pass filtering the full wave
rectified signal. Integrated processing of the rectified
signal is usually performed over short duration, that
is, 2% gait cycle, and then the integration is reset and
accumulated again. Normalization schemes may
also be used to aid in analysis. Normalization may
be based on the maximum manual muscle test or
maximum EMG signal obtained during gait. The
muscle is considered to be activated when at least
5% of the maximum electrical activity obtained dur-
ing a manual muscle test is present for 5% of the
gait cycle.

The electromyogram provides a means for
studying muscle activity. The signals that result
from action potentials and muscle fibers are sto-
chastic and nonstationary, adding to uncertainty in
interpretation. While the ultimate source of locomo-
tor activity is muscle force, no study has established
that electromyographic signals represent muscle
force. The EMG signal is a measure of the bioelectric
events that occur in conjunction with contraction of
the muscle fibers. Thus, it is a phenomenon related
to the initiation of muscle contraction rather than an

effect of the muscles mechanical action. There are
many difficulties in correlating the EMG signal am-
plitude with muscle force magnitude. Both linear
and nonlinear relationships between the force level
of skeletal muscles and the EMG signal have been
reported. Consequently, the EMG is commonly
used in clinical gait analysis to determine phasic
patterns for individual muscles or muscle groups. It
is possible to examine simple on/off patterns, or the
EMG can be processed to find a graduation of signal
level, after which EMG patterns are examined as
defined by the level of activity over the gait cycle. In
the latter process, it is common to normalize the sig-
nal as a percentage of voluntary maximum muscle
contraction. The process of detecting when a muscle
is “turned on or off” is usually one of testing whether
the average level of the signal is above some prede-
fined limit. This limit is often defined as a percent-
age of the maximum voluntary muscle contraction.
The determination of on/off time is often done by
calculating the EMG level and then testing for occa-
sions when the level exceeds some threshold value.
EMG on/ off times are generally more variable from
step to step than either kinematic or kinetic gait
measurements.

Intramuscular Pressure

Problems occur in dynamic situations when using
electromyographic activity as a measure of muscle
functional capability. A dynamic force produced by
a muscle is not proportional to the degree of muscu-
lar activity. Other factors may affect the muscle
force, such as a change of the muscle length, change
of the contraction velocity, the rate and type of mus-
cle contraction, joint position, and muscle fatigue. It
is desirable to find an alternative measurable me-
chanical parameter related to muscle force. The
electromyographic signal does not assess the ten-
sion produced by a muscle, because the tension re-
flects the sum of both the active contraction and the
passive stretch. A technique that may provide infor-
mation about muscle force is measurement of intra-
muscular pressure. A new microsensor has been
developed for measuring intramuscular pressure.
The pressure microsensor has a 360 pm diameter
(Figure 3-7). It has an accuracy, repeatability, and
linearity better than 2% full scale output (FSO) and
the hysteresis of 4.5% FSO.

Intramuscular pressure (IMP) is a mechanical
variable that is proportional to muscle tension. The
relationship between IMP and active and passive



FIGURE 3-7. Microscopic view of a pressure microsensor
for measuring intramuscular pressure.

muscle tension has been quantified. The fiber
length—isometric tension curve was characterized by
an “ascending limb” at a length less than muscle op-
timum length (Ly) and a “descending limb” at
lengths greater that L, (Figure 3-8A). The shape of
this curve presumably represents a scaled and dis-
torted version of a sarcomere length—tension curve
previously published. Passive muscle tension in-
creased in a fairly exponential fashion at lengths
>Ly. The length-pressure relationship generally
mimics the shape of the length—tension curve with
an ascending limb at lengths less than Lj and de-
scending limb at length greater that L, (Figure 3-8B).
A positive linear relationship has been found be-
tween IMP and muscle stress for both the ascending
and descending limbs. Further, the IMP accurately
reflects the muscle passive tension. These data indi-
cate that IMP measurement provides an accurate
index of muscle tension under both active and pas-
sive conditions.

It is possible to obtain IMP measurements dur-
ing gait and relate these measurements to the tim-
ing and intensity of muscle contraction. IMP
increased at the beginning of single-limb stance
(opposite toe-off) (Figure 3-9). The increase on IMP
corresponded with the increase in electromyo-
graphic activity of the gastrocnemius. The greatest
muscle activity in the plantar flexors was required
near the end of single-limb stance to meet the high
intrinsic plantarflexion moment occurring at the
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ankle joint (Figure 3-10B) and to reverse the direc-
tion of ankle movement (Figure 3-10A). It should
be noted that the IMP reading continued briefly
after cessation of the EMG. Furthermore, it can be
noted that lower levels of IMP are recorded during
the swing phase of gait. During the stance phase of
gait, the peak IMP recording corresponds to the
time when the ankle moment is at a maximum
(opposite foot strike) (Figure 3-10B). Furthermore,
during the swing phase of gait, the peak of IMP
corresponds to the point of time when the ankle is
at peak dorsiflexion (Figure 3-10A). Thus, the
peaks in IMP during gait can be correlated with the
peaks of active contraction and passive stretch of
the gastrocnemius.

INTERPRETATION OF GAIT DATA

Once the data that describes the biomechanics of
the patient’s gait has been collected, the most cru-
cial step of interpreting the data remains to be per-
formed. Gait analysis produces a large number of
measurements. The data must be synthesized and
integrated in order to supply clinically relevant in-
formation. Human locomotion is very complex and
multifaceted. The clinical interpretation of patho-
logical gait disorders involves holding in human
memory a large number of graphs, numbers, and
clinical tests from data presented on hard copy,
chart radiographs, video, and computer generated
three-dimensional graphics from multiple trials of a
subject walking. Further, comparisons must be
made to data from an able-bodied normal popula-
tion in order to identify the potential movement
problems for a given individual. The referring clini-
cian, who may not be an expert in gait analysis, is
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FIGURE 3-8. Relationship between relative muscle length (L/L) and (A) isometric force, or (B) in-
tramuscular pressure. The intramuscular pressure reflects both the active and passive tension charac-
teristics of muscle. (Reproduced with permission from Davis, Kaufman, and Lieber, 2003)
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overwhelmed by the magnitude of the number of
measurements included in a typical gait report. The
person interpreting the data must integrate this in-
formation. While data collection techniques for gait
analysis have continually evolved over the last 50
years, the method of data presentation has not
changed over this time. The data is still reported in
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FIGURE 3-9. Raw data for a single subject during gait.
Both EMG and intramuscular pressure are being recorded
from the gastrocnemius muscle. The stance phase of gait
occurs from FS to TO. The swing phase of gait occurs
from TO to FS. Single-limb stance occurs from OTO to
OFS. Peaks in intramuscular pressure during gait can be
correlated with peaks of active contraction and passive
stretch of the gastrocnemius. (Reproduced with permis-
sion from Kaufman and Sutherland, 1995)

two-dimensional charts with the abscissa usually
defined as a percentage of the gait cycle and the or-
dinate displaying the gait parameter.

Recent developments in computer animation
may make it possible to apply advanced methods to
visualize human movements. The large volume of
variables currently found in a typical clinical report

FIGURE 3-10. Ankle motion (A) and moment (B) during
gait. The gait cycle is defined as the events that occur be-
tween successive footsteps of the same foot. The gait cycle
begins with foot strike, continues through stance and
swing phases, and ends with foot strike of the same foot.



could be replaced with a few graphic images that
succinctly provided the needed information. It is dif-
ficult to fully appreciate and understand the relation-
ships between motion dynamics and biomechanical
variables without scientific graphic visualization.
Presently, computer software packages have ad-
vanced to the stage where it is possible to provide a
gait analysis report using animation of fully three-
dimensional, realistic graphical depictions of human
locomotion. The format used for reporting test re-
sults is a matter of considerable importance. The
data must be presented in an accurate, clear, and
concise format. If the results are not communicated
in an effective format, they will be of little use to the
clinician regardless of quality.

TREATMENT PLANNING

Clinical gait analysis is useful for assessing abnor-
mal gait patterns, disease progression, and treat-
ment effectiveness. Pathological gait results from a
number of different clinical conditions. There are
four main causes of pathological gait: (1) structural
(i.e., skeletal deformities or lower limb amputation);
(2) joint and soft tissue pathology (i.e., arthritis or
ligament deficiency); (3) myopathic disorders (i.e.,
muscular dystrophy); and (4) neurologic disorders
(i.e., progressive or nonprogressive pathology of the
peripheral or central nervous system).

For each of these categories, gait analysis can be
used to measure the dynamic functional limitations
of the patient. Careful assessment of this data pro-
vides objective selection criteria for different man-
agement options. For example, gait analysis can be
used to determine if an orthoses is providing func-
tional support for a patient. Similarly, an equino-
varus foot deformity can result from several distinct
dynamic patterns, for example, overactivity of the
tibialis anterior or tibialis posterior, which can be
differentiated with gait analysis and dynamic EMG.
For patients with myopathic disorders, gait analysis
can identify transitional stages of disease progres-
sion and provide objective evidence of quadriceps
insufficiency requiring long-leg bracing. In chronic
neurological impairment, gait analysis can be used
to differentiate fixed contracture, that is, static de-
formity, from muscular overactivity, or, dynamic
deformity. Thus, gait analysis is useful for deter-
mining the appropriate treatment intervention.

When treatment is being planned, the main objec-
tive is to differentiate between the primary causes and
compensations for the patient’s functional problems.
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If the treatment is directed at compensation, the pa-
tient will lose their ability to compensate and their
movement problems will worsen. A patient may dis-
play adaptations in their gait pattern due to their
pain, injury, deformity, instability, and / or inappropri-
ate muscle activation patterns. The ramifications of
these problems cannot be fully assessed without an
instrumented gait study. Patients can undergo dy-
namic adaptation related to the biomechanics of
walking, which must be factored into the treatment
algorithm. For example, it has been shown that when
planning corrective osteotomy knee surgery, patients
with the same bony deformity will have differing
knee loading due to dynamic adaptations. These dy-
namic adaptations will have a direct effect on surgical
outcome. The patients who dynamically compen-
sated for their malalignment had a better long-term
outcome. For patients with progressive disorders,
these dynamic adaptations will also change with time
as the disease progresses. It is possible to use motion
analysis studies to quantify these dynamic changes in
locomotor patterns.

RATIONALE

In this era of government reimbursement for med-
ical services, the ability to document the need and
effectiveness of a particular treatment will assume
an increasingly important role. Managed care will
require validation for many types of therapeutic in-
terventions. Pre- and posttreatment measurement
will become mandatory. Outcomes will have to be
compared. Practitioners and facilities will be rated
on their outcomes. Maximizing anticipated out-
comes will be required to document that a treat-
ment plan is worthwhile. Objective gait analysis is
an essential tool to meet these demands. The tech-
nology is at a level where it is both feasible and af-
fordable to provide an objective form of patient
assessment.

In all areas of medical care, a need exists for in-
strumentation and procedures to aid in a differen-
tial diagnosis and treatment of patients. Further,
information is required to objectively document pa-
tient response to treatment. The ability to diagnose,
prescribe treatment, and document results is com-
mon to all areas of medical care. However, the tech-
nology available in different medical specialties
varies widely. This is particularly evident when the
current medical technology for treating patients
with cardiovascular conditions is compared to the
technology for treating patients with neuromuscular
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TABLE 3-1.
Current Medical Technology
Test Modality
Level Exam Cardiovascular Patients Neuromuscular patients
I Static ECG X-ray
EBCT CT
MRI MRI
PET Nuclear Imaging
Ultrasound
Nuclear imaging
1I Dynamic Stress Test Motion Analysis
Echocardiography
III Invasive Angiography Diagnostic EMG
Kinesiological EMG

conditions (Table 3-1). For both types of patients
the technology can be divided into three levels:
static examinations, dynamic examinations, and
invasive procedures. Typically, the approach is to
utilize the technology available at the lowest level
that will meet the requirements for aiding in dif-
ferential diagnosis and treatment planning. When
a patient reports to a physician that he or she is ex-
periencing chest pain and the risk factors for a my-
ocardial infarction exist, the patient is monitored
with an electrocardiogram. In some centers, a com-
puted tomography (CT) scan is obtained to assess
the amount of arteriosclerosis in the vessels of the
heart muscle. These tests are obtained while the pa-
tient is either sitting or lying down. Hence, these
constitute static exams. Other static modalities in-
clude MRI, PET, ultrasound, and nuclear imaging. If
the physician has a high index of suspicion, dynamic
tests may be undertaken. These tests include a stress
test or echocardiography. Finally, angiography may
be utilized as an invasive procedure to further exam-
ine the heart.

Conversely, for a patient with neuromuscular
dysfunction, most of the modalities utilized are
static modalities. Current modalities include radi-
ograph, CT, MRI, and nuclear imaging. It is also
common to obtain diagnostic electromyography
(EMG) to further elucidate the neuromuscular sta-
tus of the patient. However, during all these exami-
nations, the patient is static and non-weight bearing.
Dynamic assessment of patients with neuromuscu-
lar dysfunction can only be obtained using motion
analysis techniques along with acquisition of kine-
siological EMG.

An objection sometimes raised is that these
studies are too costly. However, this objection is un-
founded. In terms of cost-benefit ratio, the most

compelling consideration is the high cost of inap-
propriate treatment. It is important to remember
that unsuccessful treatment results in unfavorable
changes in function and may require subsequent
procedures to deal with the original problem. There
is, of course, no assurance that gait studies per-
formed prior to treatment planning ensures favor-
able outcome, but careful planning, based on
objective data, provides a solid foundation for deci-
sion making. Posttreatment studies give the infor-
mation required for objective evaluation of treatment
results. The rate at which gait analysis technologies
become more common depend on the market, the
manufacturers, and managed care requirement. Ob-
jective patient assessment using gait analysis tech-
niques facilitates the identification of optimal
treatment regimens and provides a solid foundation
for clinical decision making.

SUMMARY

Human function cannot be fully understood with-
out studies of movement. The modern motion
analysis laboratory that has evolved with techno-
logical advances has the potential for opening new
opportunities for progress in the treatment of pa-
tients. Current gait analysis laboratories offer sophis-
ticated automatic tracking systems, force platforms,
and electromyographic activity measurements.
When coupled with a biomechanical model, this
analysis technique is able to provide a complete,
three-dimensional, dynamic description of the pa-
tient’s gait along with information on the timing
and intensity of muscle activity. The function of a
motion analysis laboratory is to objectively measure
the dynamic aspects of an individual patient’s



performance that cannot be assessed in the clinical
setting. Gait dysfunction is, most often, multifactor-
ial in etiology. This quantitative data can facilitate
the differentiation of functional deficits from com-
pensations for the deficits. Appropriate intervention
requires a thorough understanding of the patho-
physiology of the gait deviations along with the ap-
propriate treatment options. Interpretation of this
data makes it possible to integrate morphology and
functional adaptations. Sound clinical judgment is
also indispensable for the management of gait dys-
function. The clinician and gait specialist form an
essential team for elucidating the factors contribut-
ing to pathological gait and the selection of effective
treatment options.
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one has various roles. Bones are responsible for the shape and structure of
the body. Bone provides origin and insertion sites for muscles and tendons, and
is critical for locomotion. Bones such as the skull, sternum, and ribs protect vital
organs. Finally, bone is a reservoir for minerals, and plays a role in mineral
homeostasis.

Bone is a unique, dynamic, well-organized tissue. The cells and matrix that
comprise bone are constantly remodeling in response to changes in loading. Bone
is unique in that it is a self-repairing tissue. As microdamage is accumulated, an
infinitely complex and well-orchestrated cascade of cellular events works to re-
pair it. Bone can alter its properties and geometry in response to changes in me-
chanical load and metabolic demand. Bone is capable restoring the structural and
functional roles of the tissue even after a catastrophic failure (fracture).

BONE BIOMECHANICS

Bone is a dynamic tissue that responds to specific stimuli. The mechanical envi-
ronment around the bone can induce changes in structure. Bone responds to in-
creased loads by increasing the amount and density of tissue, and by changing
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shape in order to optimally withstand applied
forces. Similarly, disuse results in osteopenia. With
less force applied to bone, the quantity and density
of bone will diminish to match the perceived de-
mand. Bone structure and quality is also sensitive to
the complex biochemical cascades that accompany
certain metabolic disorders, aging, and exposure to
drugs such as glucocorticoids and bisphosphonates.

The strength of bone is related to the quality
and amount of collagen, mineral content, and over-
all density. Bone is like a two-phase material con-
sisting of a collagenous matrix and a mineralized
crystalline lattice. The collagen matrix is stronger in
tension than in compression. The mineral phase of
orderly apatite crystals is stronger in compression
than tension.

Bone is anisotropic. The mechanical properties
are different when load is applied in different direc-
tions. The tensile strength of bone is greater when it
is loaded along its longitudinal axis, compared to
when it is loaded perpendicular to the longitudinal
axis. Therefore, cortical bone is weak in tension and
shear, but tough under compression. For weight-
bearing bones, this appears to be adaptive.

Bone is viscoelastic. The mechanical properties
are different when load is applied at different rates.
More energy can be absorbed by bone at higher
loading rates than lower loading rates. Therefore,
the more strenuous the activity, the stronger the
bone. The elastic component defines maximum de-
formity that is achieved prior to failure. The viscous
component determines the time taken to reach the
maximum deformity.

The amount of deformation a material demon-
strates prior to failure is a reflection of ductility or
brittleness. Ductile substances can undergo a large
amount of deformation prior to failure. Brittle sub-
stances have ultimate strains similar to yield strains.
Failure occurs under very small deformations. Cor-
tical bone is ductile in loading under compression.
Cortical bone exhibits a ductile to brittle transition
as the strain rate increases.

Trabecular bone material properties are very
sensitive to density. Density can vary greatly from
area to area. Bone can easily regulate its strength
and stiffness by adjusting density. Subtle changes in
density result in large changes in strength.

FRACTURE BIOMECHANICS

A fracture is the structural failure of bone. Energy
absorbed by bone during loading is released within

the bone as it fractures. Extrinsic and intrinsic fac-
tors affect bone failure. The extrinsic factors are the
external forces applied to the bone. The magnitude
and area of force distribution, as well as the rate at
which the bone is loaded are important factors in
fracture occurrence and pattern.

Bone fails under applied compression, tension,
rotation, shear, or a combination of forces. Because
bone has particular mechanical characteristics, spe-
cific loads applied at specific directions and rates will
produce predictable patterns of failure. A pure ten-
sile force will produce a transverse fracture. An un-
even bending force results in an oblique fracture. The
cortex under compression breaks before the trans-
verse tension failure is complete. This results in com-
minution or a butterfly fragment at the site of
compression. Spiral patterns of fracture are result of
torsional load. With torsion, some bending force co-
exists, which limits endless propagation of the spiral.
Pure compressive forces result in uniform impaction.
Four-point bending produces two sites of tension,
and a segmental fracture results (Figure 4-1).

The intrinsic factors are related to the struc-
ture’s biomechanical characteristics, or how much
energy the bone can absorb prior to failure (tough-
ness). Because bone is anisotropic, it absorbs more
energy prior to failure if the load is applied in the
longitudinal axis of the bone. Conversely, it takes
less energy to fracture if the bone is loaded perpen-
dicular to the longitudinal axis. Because bone is vis-
coelastic, the rate of loading affects the amount of
energy the bone can absorb. With higher loading
speeds, more energy is absorbed, and failure results
in more damage to the bone structure, reflected in
the degree of comminution of the fracture pattern.
Lower loading speeds allow less energy to be ab-
sorbed prior to failure, resulting in a simpler frac-
ture pattern.

BONE FATIGUE

Microstructural fatigue failure can be summarized in
three phases: crack initiation, crack propagation, and
complete structural failure. Repetitive loading over
long periods results in the development of microc-
racks. Irregularities in the microstructure, such as
Haversian canals, lacunae, or canaliculi act as stress
risers and are the sites of crack initiation. The repair
response to accumulated microdamage is termed
adaptation. Adaptation is targeted at the repair of
microdamage. If the repair response is insufficient,
crack propagation will proceed, resulting in a slow
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FIGURE 4-1. Bone fails differently under different loading conditions.

but steady decrease in strength and stiffness of the
bone. As microcracks propagate, larger cracks form
in interfaces such as cement lines between osteons. If
crack propagation continues, cracks become larger
and coalesce (Figure 4-2). The mechanical properties
of the bone cannot support additional load and a
fracture occurs. Areas of the bone experiencing ten-
sion forces have more microdamage than areas
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FIGURE 4-2. Confocal microscopic image of cortical bone
after subcatastrophic fatigue loading. Osteocytes and their
canalicular networks are outlined in white. The arrow
demonstrates a microcrack.

under compression. Fatigue damage increases with
increasing strain rate.

Fatigue fracture can occur in normal bone with
repeated application of strain. Fatigue fracture can
also occur with fewer cycles or less strain in patho-
logic bone. Fatigue fractures are often not associated
with a specific traumatic event and occur in previ-
ously adapted bone. Alterations to peak strain, num-
ber of loading cycles, the quantity of microdamage
within bone, and the adaptive response are key vari-
ables that influence the risk of fatigue fracture.

FRACTURE CLASSIFICATION

The nomenclature of fractures first starts with the
name of the bone that is injured. Further descrip-
tive terms can be used that describe the anatomic
location injured, such as diaphyseal or metaphy-
seal (Figure 4-3). The morphology of the fracture
can be described. Common terms include, but are
not limited to, transverse, oblique, spiral, or com-
minuted (Figure 4-4). A fracture can be described
as intra-articular if it involves a joint surface. An
impacted fracture occurs when the diaphysis is
driven into metaphyseal trabecular bone. A green-
stick fracture indicates an incomplete or bending
fracture. A compression fracture of the metaphy-
seal region with cortical buckling in a child is a
torus fracture.

The failure of bone does not occur in isolation. In-
jury to overlying soft tissue always occurs. Rupture
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Articular Metaphyseal Diaphyseal
FIGURE 4-3. The anatomic location of a fracture.

of the periosteum, local blood vessels, and muscle
always accompany a fractured bone. Occasionally the
soft tissue injury includes major named arteries or
nerves, subcutaneous tissue, and skin. When the skin
is violated, the fracture is termed an open fracture
(Figure 4-5).

When bone ends move away from each other,
changing the alignment, they are displaced. Dis-
placement is described by the position of the distal
fragment relative to the proximal fragment. Alter-
natively, displacement with angulation can be de-
scribed by the direction of the apex of the fracture
(Figure 4-6).

Fractures can be classified in many ways. Classi-
fication systems have been created to organize almost

Transverse Spiral

With Butterfly

Transverse

Oblique

every type of fracture. The intent of creating a clas-
sification system is to highlight particular varia-
tions in a specific type of fracture. These variations
are used either to select a treatment algorithm or as-
sist in predicting outcome. Several comprehensive
fracture classification schemes have been created to
compartmentalize all fractures. The two most fre-
quently used are the AO/ASIF and Orthopaedic
Trauma Association (OTA) classification systems.
These systems are used primarily as research tools
and, to a lesser extent, to communicate between
medical professionals. More often, descriptive terms
are used.

Traumatic fractures occur when the force ap-
plied to a normal bone exceeds its capacity to ab-
sorb energy. An example is the fracture of a
humerus in a motor vehicle crash (Figure 4-7).

Pathologic fractures are the result of normal
physiologic forces on abnormal bone. The bone in
a pathologic fracture is weakened by a neoplastic
process. Both primary bone tumors and metas-
tases can cause destruction of the bone structure
and impairment of the adaptation response, ren-
dering it vulnerable to failure under normal loads
(Figure 4-8). Pathologic fractures have also been
associated with osteopenia from abnormal bone
metabolism; these are also referred to as insuffi-
ciency fractures (Figure 4-9).

Fatigue or stress fractures are common in mili-
tary recruits and athletes. Repetitive physiologic
load can produce microcracks that propagate to
nondisplaced fractures before significant repair can
occur. It has been theorized that muscle fatigue
plays a role in this mechanism of injury. Skeletal
muscle normally diverts some stress from the bone,

Comminuted Bone Loss Segmental

FIGURE 4-4. The pattern of the fracture.
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FIGURE 4-5. The photograph demon-
strates an open ankle fracture stabilized
with a bridging external fixator. Note the
exposed fibula in the wound (arrow).

FIGURE 4-6. Posteroanterior (A) and lateral (B) radiographs
of the wrist demonstrate a displaced distal radius fracture. The
displacement is posterior, or dorsal. The displacement can also
be described as apex anterior angulation.
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FIGURE 4-7. Anterioposterior radiograph of the humerus
demonstrates a traumatic fracture.

but with muscle fatigue, this protective maneuver is
lost (Figure 4-10).

Fractures can be classified by the mechanism
that caused them. A single application of force suffi-
cient to cause a fracture can be applied directly or
indirectly. Direct trauma such as the application of
blunt, crush, or penetrating force to the body will
cause soft tissue injury and fracture at the site the
force was applied (Figure 4-11). Indirect trauma in-
cludes tension, angulation, rotation, compression,
and a combination of forces applied at an area re-
mote to the fracture. Transmission of forces through
muscle contractions results in a fracture. An exam-
ple of an indirect force causing fracture is the strong

FIGURE 4-8. (A) Anterioposterior radiograph of the pelvis
demonstrates multiple myeloma in the femoral neck (arrow).
There is a nondisplaced pathological fracture of the basicer-
vical region. (B) This fracture was treated by curettage and
cemented hemiarthroplasty. Immediate weight bearing was
allowed.

contraction of the triceps with a fixed forearm, re-
sulting in an olecranon fracture (Figure 4-12).

EFFECTS OF FRACTURES

A fracture is a mechanical failure, but the process
triggers a biologic response that starts the repair
process. Bleeding occurs from the ruptured perios-
teum and surrounding muscle. Bone marrow con-
tents are released into the vicinity of the fracture
and can be distributed systemically. Inflammatory
mediators such as prostaglandins and leukotrienes
are released.



FIGURE 4-9. An anterior-posterior
radiograph of the pelvis demonstrates
profound osteopenia in an elderly
woman. A fall from a standing height
produced a displaced acetabular frac-
ture and central hip dislocation (ar7ow).
"This is an insufficiency fracture.

Clinically, a fracture is suspected when an ap-
propriate force has been applied that would cause
failure of the bone. A supraphysiologic load applied
to a normal bone, for example during a motor vehi-
cle accident, is appropriate to cause a tibial shaft
fracture. Passive range of motion of the knee is not
an appropriate force to cause a tibial shaft fracture
in a normal ambulatory person, but is an appropri-
ate mechanism for a paraplegic with severe disuse
osteopenia and spasticity. The absence of an appro-
priate mechanism of injury should warrant a search
for abnormal bone. Neoplastic conditions, meta-
bolic disorders of bone, and the clandestine use of
drugs that adversely affect bone metabolism (gluco-
corticoids) may be diagnosed by a fracture. An in-
appropriate mechanism of injury may also suggest
a situation of abuse and should be suspected in
those with few defense mechanisms (children,
women, elderly, disabled.)

Clinical signs of fracture vary with the age of
the patient and the area of the body injured. General
signs include pain, swelling, deformity, abnormal
mobility, and loss of function. Pain is caused by
bleeding, swelling, abnormal motion on surround-
ing soft tissues, and release of inflammatory media-
tors. Deformity and abnormal mobility are due to
lack of structural support that the bone provides.
Altered function of a limb is a function of pain and
lack of normal structural integrity. Inability to walk
or painful ambulation is a reliable sign of spine or
lower extremity fracture in those with poor commu-
nication capacity, such as children and the elderly.
Radiographs confirm the clinical suspicion.
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Fractures can result in some form of alteration
of function, both temporarily and permanently.
With the diminished ability to use a limb, the pa-
tient experiences functional losses. The injured pa-
tient’s role in the family and society is often altered.
The capacity to earn a living is compromised, and
medical bills can be significant, leading to emo-
tional concerns and financial strains. Patients often
have problems adjusting to their disability and suf-
fer psychological sequelae related to change in body
image and function. Laborers with fractures that
lead to permanent disability often need to retrain
and find more sedentary vocations.

SINGLE VERSUS MULTIPLE
FRACTURES

Patients with an isolated fracture should be differ-
entiated from multiply injured patients. The effect
of multiple fractures on the systemic physiology is
not the same as the sum of the individual fractures.
Bleeding from multiple fractures can produce
shock. Pelvic fractures with displaced sacroiliac dis-
locations, sacral fractures, and symphyseal disrup-
tions can be associated with life-threatening
hemorrhage from ruptured pelvic veins. Injuries to
named arteries can also occur with pelvic and ac-
etabular fractures, and can produce rapid and pro-
found hemorrhage. Fractures with associated
arterial injuries can also be a source of shock. For ex-
ample, scapulothoracic dissociation is associated
with injury to the subclavian vessels and can lead to
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FIGURE 4-10. Lateral radiograph of the tibia demon-
strates a subacute stress fracture of the tibial diaphysis
(arrow). Note the sclerosis surrounding the fracture cleft.

rapid and significant blood loss. Thighs with bro-
ken femurs can accommodate one liter of blood.
Multiple open fractures can be a source of signifi-
cant external blood loss. Multiple skeletal injuries in
combination with visceral injuries can produce sig-
nificant bleeding and consumption of platelets and
coagulation factors.

The release of marrow elements into the general
circulation is increased with multiple fractures. Al-
though this occurs to some degree with every frac-
ture, certain patients react with a clinical syndrome
known as fat embolism syndrome. Respiratory in-
sufficiency is the primary clinical sign, ranging
from increased oxygen demands to full-blown acute

FIGURE 4-11. Anterior-posterior radiograph of the forearm
demonstrates an injury from direct penetrating trauma. Mas-
sive comminution reflects the high energy nature of the injury.

respiratory distress syndrome (ARDS), which can
be fatal. Other clinical manifestations include pe-
techiae, anemia, thrombocytopenia, and central
nervous system dysfunction. The cause not com-
pletely understood, but hypotheses include micro-
circulatory occlusive phenomenon, generalized
inflammation, and cell membrane dysfunction. It is
also not understood what factors make some sus-
ceptible to develop fat embolism syndrome, while
the same clinical situation does not produce the
syndrome in others.

Multiple areas of injury increase the occurrence
of venous thromboembolism and pulmonary em-
bolus. The factors important in thrombogenesis are



FIGURE 4-12. Lateral radiograph of the elbow demon-
strates an injury from an indirect source. A nondisplaced
fracture of the olecranon was caused by strong contraction
of the triceps with a fixed forearm.

venous endothelial injury, venous stasis, and acti-
vated coagulation. A fracture results in diffuse inti-
mal damage in the vessels in the zone of injury. With
immobilization of an injured limb, the forceful mus-
cle contractions that facilitate venous return to the
heart are minimized, and stasis occurs in the veins.
Prolonged recumbency from multiple injuries in-
creases the risk of venous stasis exponentially. With-
out prophylaxis, venous thromboembolism occurs
in the majority of injured patients. Pulmonary em-
bolism is the leading cause of death in those who
survive the initial injury.

Patients with multiple fractures often require
prolonged periods in the recumbent position to
manage the skeletal instability and pain. Multiple
adverse affects of this position have been observed.
Pulmonary function is compromised due to subop-
timal ventilation. Pain results in poor inspiratory ef-
fort and positioning leads to atelectasis, dependent
edema, and aspiration. Narcotic pain medications
decrease the respiratory rate. The sum of these fac-
tors leads to hypoxia and pneumonia. Nutrition is
compromised due to the adverse effects narcotic
medication has on gastrointestinal function and dif-
ficulty eating in an atypical position. With pain and
decreased mobility, urinary catheters are needed,
which ultimately lead to urinary tract infections.
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Immobility leads to skin breakdown and deep ve-
nous thrombosis. In this patient population, early
surgical treatment of multiple fractures, especially
pelvic and femur fractures, reduces time in bed, and
greatly improves outcomes.

INITIAL MANAGEMENT
OF FRACTURES

Realignment

The preferred initial treatment for a fracture is re-
alignment and splinting. Realignment of a grossly
angulated limb will improve arterial flow and ve-
nous drainage distal to the injury. Bleeding will di-
minish as the volume around the fracture is reduced,
and tamponade can occur. Nerve function improves
when anatomically aligned.

Realignment can be performed with several
simple techniques. Simple manipulation of an an-
gulated limb into a more anatomic position is rec-
ommended. Longitudinal traction is the simplest
way to reduce a fracture. Generally, the segment
that can be controlled manually is realigned to the
less mobile segment. More challenging techniques
include reduction maneuvers where the deformity
is accentuated, then corrected. The maintenance of
alignment after the latter technique depends on an
intact soft tissue hinge around the fracture. Impedi-
ments to realignment include interposed soft tissue
between the fracture ends and lack of soft tissue
hinge around the fracture, making the reduction
difficult to maintain.

Displaced open fractures should be realigned
prior to splinting. Gross contamination can be re-
moved, but formal irrigation in the emergency de-
partment is not recommended. Reintroduction of a
contaminated bone end into the wound is tolerated.
The entire wound will be subsequently debrided in
the operating room. A sterile dressing should be ap-
plied over the wound and maintained until the pa-
tient is in the operating room.

Splinting

A splint is a noncircumferential device that maintains
alignment of a limb with a fracture and decreases
motion at the fracture site. Limitation of excessive
fracture motion may prevent additional injury to
vulnerable soft tissues. There is always concern that
an unsplinted closed fracture may be converted into



96  CHAPTER 4 < Principles of Fractures

an open fracture from the motion of sharp bone ends.
Splinting reduces bleeding and release of marrow el-
ements from the fracture site, and thus may con-
tribute to resuscitation. By reducing pain, patient
transport and evaluation are facilitated.

A variety of splinting techniques can be used in
a variety of fractures. In a hospital, simple materials
can be effective splints. Sheets folded to a swathe or
commercially available slings can help reduce pain
for clavicle, scapula, or proximal humerus fractures.
Padded fiberglass or plaster slabs can be cus-
tomized to splint fractures of the humerus, forearm,
wrist, and hand, as well as fractures distal to the
knee. Prefabricated adjustable knee immobilizers
are helpful in splinting injuries around the knee. A
circumferential sheet can be tied around the pelvis
and thighs to reduce the pelvic volume in an open
book pelvic ring injury. Pillows or sandbags can be
used to reduce the motion of a fractured femur.
Philadelphia collars or sandbags can immobilize a
cervical spine fracture. A long rigid board is the
method of choice for spine splinting.

DEFINITIVE TREATMENT
OF FRACTURES

Evaluation of the Patient

Definitive treatment of fractures is performed when
the general condition of the patient is optimized,
and the patient will tolerate the process of treat-
ment. The goals of treating the injured patient are to
save life first, then save limb, and limit disability.
The goals of fracture treatment are to obtain stabil-
ity of the injured limb, facilitate healing, and accel-
erate rehabilitation.

Characteristics of the patient and the fracture
are important to consider when deciding on a de-
finitive treatment plan. The overall condition of the
patient is of utmost concern. For multiply injured
patients, resuscitation is necessary. Multiple frac-
tures, as well as visceral injuries, can cause signifi-
cant hemorrhage. Suboptimal perfusion of organs
can occur from this hemorrhage and is referred to
as shock. Shock can be manifested by tachycardia,
hypotension, changes in mental status, peripheral
vasoconstriction, poor urine output, and ultimately
death. Laboratory findings involving shock can in-
clude anemia, thrombocytopenia, and elevated
clotting times, which represent bleeding and con-
sumption of coagulation factors. As perfusion de-
creases, cellular metabolism turns from aerobic to

anaerobic, liberating the waste product lactic acid.
Lactic acid production results in metabolic acidosis.

Reversal of shock is termed resuscitation. Re-
suscitation principles are to stop ongoing hemor-
rhage and replenish lost circulating volume . This is
accomplished with infusions of lactated Ringer’s or
normal saline solution, or blood products, if hemor-
rhage has been significant. Transfusion of red blood
cells, platelets, and plasma (containing coagulation
factors) may be required to replace lost circulating
volume and replenish consumed factors and cells.
Surgical intervention may be necessary to stop
hemorrhage. Surgical removal of an irreparable
bleeding organ (spleen) or ligation of bleeding ar-
teries may be a necessary component of resuscita-
tion. Restoration and maintenance of pelvic volume
with external devices may be necessary to promote
tamponade of bleeding pelvic vessels after injury.
Alternatively, in some cases, angiographic identifi-
cation and intravascular embolization of major
bleeding vessels is also in the algorithm used to
control hemorrhage.

Treatment of fractures should be delayed until
the patient is hemodynamically stable. Fracture sur-
gery will result in additional blood loss to an al-
ready compromised patient and may contribute to
the patient’s demise. Open fractures can be tempo-
rized in a hemodynamically unstable patient with
removal of gross contamination, limited irrigation
of exposed bone, placement of a sterile dressing,
and splinting. Definitive debridement and skeletal
stabilization can be performed when the patient’s
condition is compatible with surgery. Although this
step may increase the rate of infection at the fracture
site, it may be a necessary precaution. Fracture sur-
gery can be considered when the patient’s blood
pressure and heart rate have stabilized, and when
end organ perfusion is judged adequate. No active
hemorrhage should be ongoing, and hematologic
parameters should be in a reasonable range. Gen-
eral guidelines are a hematocrit around 30%, INR <
1.4, and platelets > 80,000/ mm?®.

Associated injuries may preclude immediate
operative treatment of fractures. For patients with a
head injury, secondary brain injury is associated
with hypotension and hypoxia. Operative treat-
ment of fractures in a poorly resuscitated patient
may result in a secondary brain injury. A severe pul-
monary injury is a controversial contraindication to
early definitive fracture care.

Elderly patients require particular considera-
tion. Older patients are limited functionally by poor
eyesight, diminished hearing, and limited mobility



from other medical conditions. Nonoperative treat-
ment of some fractures requires immobilization in a
cast or brace. Casts or braces limit an elderly per-
son’s mobility and functioning more than similar
restrictions in a younger adult. Weight-bearing re-
strictions and the introduction of crutches or a
walker can significantly diminish an elderly pa-
tient’s mobility and may contribute to subsequent
falls and injuries. Lack of ability to comply with
weight-bearing restrictions has led to loss of reduc-
tion and fixation. Additional problems seen with
external immobilization include skin breakdown,
often contributed to by poor sensation, delicate
skin, and other comorbid conditions such as dia-
betic neuropathy and vasculopathy. Access to med-
ical care may be limited, or patients may not want
to complain, leading to delayed diagnosis of pres-
sure areas. After operative treatment of fractures,
mobilization of an elderly patient is much slower
than in a young adult. Irreversible loss of function
also happens more frequently in elderly patients.
After hip fractures, only one-third returns to prein-
jury function. Perioperative complications and
death are more common due to multiple medical
problems and lack of physiologic reserve. Malnutri-
tion is common in the elderly, which delays wound
and fracture healing.

Elderly patients and others with significant med-
ical problems require comprehensive evaluation
prior to definitive treatment of the fracture. The pres-
ence or treatment of chronic medical problems can
lead to injuries. Syncope from a new antihyperten-
sive medication or existing arrhythmia can cause a
fall in an elderly patient, producing a hip fracture.
New medical problems can also cause injuries. An
acute myocardial infarction sustained while driving
can lead to a crash. Optimization of the patient’s
medical condition prior to surgery is warranted. Any
reversible problems such as dehydration, hyperten-
sion, infections (urinary tract infection, pneumonia)
and renal insufficiency should be reversed. Any anti-
coagulation requires reversal, as well.

For patients with delicate constitutions and
multiple medical problems, extensive preoperative
evaluation is often necessary to understand the pa-
tient’s risk for significant perioperative complica-
tions. With this information, a realistic discussion
with the patient and family of the risk-benefit
ratio of surgery can be performed. Chronic renal
failure, congestive heart failure, chronic obstruc-
tive pulmonary disease, hip fracture, and an age
greater than 70 years have been identified as critical
risk factors for inpatient mortality. Postoperative

Definitive Treatment of Fractures 97

complications associated with significant increases
in mortality include myocardial infarction, acute
renal failure, pulmonary embolus, pneumonia,
and cerebrovascular accident. Perioperative test-
ing can also provide information that may modify
the perioperative plan. Those with significant pul-
monary compromise may elect to have regional in-
stead of a general anesthesia to prevent prolonged
intubation and ventilation postoperatively. Deci-
sions can be made about the perioperative man-
agement of medical problems, including the need
for postoperative monitoring.

For elderly patients with multiple injuries or
multiple medical problems, fractures usually
treated operatively may be treated nonoperatively
if the patient’s overall condition is not favorable.
Often there is a good salvage procedure if the pa-
tient has pain or functional limitations with a malu-
nion. A good example is an elderly woman in a
motor vehicle accident with a depressed tibial
plateau fracture. In isolation, the fracture would re-
quire surgical treatment to correct limb axis devia-
tion and knee instability. However, the patient also
suffered a blunt chest injury and has a pericardial
effusion, which has produced a new arrhythmia.
The risks of immediate surgery may be greater than
the risks of reconstructive surgery done at a later
date, with an accepted salvage technique.

The patient’s functional status and demands are
important to consider. An elderly nonambulatory
patient would not necessarily need operative treat-
ment for a hip fracture if pain were well controlled.
A dentist would not be able to tolerate nonoperative
treatment for a mallet fracture. The splint required
for successful nonoperative treatment would not be
tolerated with frequent hand washing required by
the occupation. A displaced intra-articular lower ex-
tremity fracture in a paraplegic patient would not
require operative reduction and fixation, as it
would in an ambulatory patient. However, an
upper extremity injury in a paraplegic patient may
be treated operatively to maximize function and
limit disability, when it may be treated nonopera-
tively in an ambulatory patient.

Evaluation of the Limb

The condition of the limb should be assessed. Par-
ticular attention should be made to the skin condi-
tion, vascular inflow, and innervation. Skin
condition is important to observe, for it is a source
of morbidity with either nonoperative or operative
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fracture treatment. Acute changes in the skin from
the injury include wounds, hematomas, degloving
injuries, ecchymoses, and blisters. Any wound in
proximity to a fracture should be considered an
open fracture until proven otherwise in the operat-
ing room. Degloving injuries are common with
crush or shear mechanisms of injury. The zone of in-
ternal injury is often greatly underestimated by the
external appearance of the limb. The skin and sub-
cutaneous tissue are separated from the underlying
fascia in an open wound, or without break in the
skin. Degloved areas may lead to infected seromas
or hematomas. Incisions through a degloved area
are often ill advised. A degloving injury associated
with an acetabular fracture, referred to as a Morel-
Lavallee lesion, is associated with increased rates of
surgical wound infection. It is generally recom-
mended that the degloving injury be treated and
healed before an incision is made in the area to treat
the fracture. Areas of poor skin quality from previ-
ous injuries, surgery, burns, grafts, or ulcers, must
be noted. Poor skin quality may affect the decision
to treat operatively, if the tissues can’t tolerate the
incisions needed, or nonoperatively, if the tissues
can’t tolerate an immobilization device.

The vascular supply to a limb is a critical consid-
eration in treatment decision making. Changes in ar-
terial inflow of a limb are seen with acute injuries.
An injury with an associated fracture can cause dif-
fuse vascular damage to the bone, periosteum, and
muscle. Fractures with injuries to major named ar-
teries can occur with penetrating trauma. Injuries to
proximal arteries often, but not always, result in
limb ischemia. Injuries to more peripheral arteries
rarely produce ischemia due to the extensive anasta-
motic system present between the vessels.

Acute interstitial swelling can proceed to the
point where capillary pressure is overcome. Diffu-
sion of red blood cells and delivery of oxygen at the
cellular level is diminished. This physiologic
process is known as compartment syndrome. Left
untreated, the tissues in the limb become ischemic.

Ischemia can lead to a variety of problems in
the limb. Skeletal muscle can tolerate approximately
6 hours of ischemia before widespread irreversible
myonecrosis occurs. Nerves are also particularly
sensitive to ischemia, although absolute tolerances
are not known. Prolonged ischemia may affect frac-
ture treatment decisions. Previously treatable frac-
tures in a limb with prolonged ischemia may be
more amenable to amputation.

Peripheral vascular disease or diffuse diabetic
small vessel can diminish vascular inflow to the point

where wound and fracture healing are impaired.
Poor wound healing may increase the chance of infec-
tion. Clinical signs of poor arterial inflow include lack
of hair on the ischemic segments, lack of palpable
pulses, poor sensation, and ulcers. Ankle/brachial
index is a simple noninvasive test that can quantify
the adequacy of peripheral circulation in the lower
extremities. In patients with suspected vascular dis-
ease, a vascular surgery consultation should be ob-
tained to assess the adequacy of blood flow to the
limb. Reversible forms of ischemia can be addressed,
which may reduce the complications of the fracture
treatment. For those with irreversible ischemia, sig-
nificant counseling with the patient and family is nec-
essary to understand the dire situation. Often, the
results of fracture treatment are poor and the compli-
cation rate is high, whether operative or nonoperative
treatment is pursued.

Chronic venous stasis disease can complicate
both operative and nonoperative treatment meth-
ods. An incision through tortuous dilated veins
leads to difficulty in hemostasis, bleeding, hematoma
formation, and occasionally difficulty with wound
healing. Varicosities predispose to venous stasis,
especially in an immobilized limb. The risk of ve-
nous thrombosis and pulmonary embolism are
increased.

Sensibility and motor strength should be as-
sessed. Acute changes in sensibility or motor
strength are attributed to the injury. Fractures can
be associated with neuropraxia, axonotmesis, or
neurotmesis of named peripheral nerves. Loss of
sensation in certain areas of the body can be func-
tionally debilitating. Loss of sensation in the fingers
from an injury to the radial, median, or ulnar nerves
can have adverse effects on dexterity. Loss of sensa-
tion to the plantar aspect of the foot is important in
making limb salvage treatment decisions. Acute
changes in strength in the setting of injury can be at-
tributed to direct musculotendinous injury or asso-
ciated nerve injury. These associated injuries will
influence treatment decision making.

Many patients have sensory deficits prior to in-
jury. The most common cause of chronic sensory
loss is diabetes mellitus, which results in a diffuse
peripheral neuropathy. Other common causes in-
clude hereditary motor and sensory neuropathies,
acquired compressive neuropathy, radiculopathy,
spinal cord pathology, peripheral vascular disease,
and medications. These conditions can also cause
chronic motor weakness. It is important to ask
about any preexisting neurovascular conditions, to
fully appreciate the effect of the injury.



The overall bone quality is important to ob-
serve and may affect treatment plan. As aging oc-
curs, there is a diminution in the bone mineral
density. Osteopenia is also seen in patients with
malnutrition, metabolic disorders, and chronic glu-
cocorticoid use (transplant recipients, systemic in-
flammatory disease). Cortical diameters become
larger to optimize the toughness of less dense bone.
Trabecular lines become thinner. Remodeling of ac-
cumulated microdamage is diminished. This re-
modeling offers particular problems with treatment
decision making. Operative treatment of osteopenic
fractures is fraught with problems. Poor purchase
of standard implants is becoming more of a recog-
nized problem. Poor fixation leads to loss of reduc-
tion, resulting in a suboptimal outcome or the need
for revision surgery. Solutions to this problem in-
clude using different fixation strategies in os-
teopenic bone and modifying existing implants to
strengthen the bone-implant construct. For exam-
ple, for a patient with an osteopenic hip fracture,
intramedullary hip screws are supplanting the use
of dynamic hip screws. The intramedullary hip

FIGURE 4-13. The photograph demonstrates
a locking plate and screws. Note the threaded
heads of the screws, which engage complemen-
tary threads in the plate hole. Multiple fixed
angle devices are created, which drastically im-
proves fixation in osteopenic bone.
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screw has the mass closer to the axis of the bone,
creating a stronger construct. New implants have
been developed that are ideally suited for fixation
in osteopenic bone. The traditional plate and screw
construct has been modified so that the threaded
screw head engages a complementary threaded
screw hole. This modification creates a fixed angle
construct. Placing several locked screws in the plate
creates multiple fixed angle devices (Figure 4-13).
This device fails differently than traditional
screw /plate constructs. Instead of sequential loos-
ening or breaking of screws, the locked construct
fails by catastrophic pullout of the entire device.
This type of failure is rare, even in osteopenic bone.
These new implants have improved the ability to
maintain a reduction in osteopenic bone until the
fracture heals.

Finally, the fracture characteristics should be
assessed. Fractures in different bones often require
different treatment plans. For example, metatarsal
fractures are most commonly treated nonopera-
tively because they heal well with minimal inter-
vention. Femoral neck fractures are more likely to
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be treated operatively to restore weight bearing
immediately. The location within the bone, pattern
of fracture, and the amount of displacement
should be observed. In some bones, the amount of
displacement and the area in which the bone is
fractured determines whether the injury is treated
operatively or nonoperatively. A nondisplaced dia-
physeal tibia fracture can be treated nonopera-
tively, where a displaced proximal metaphyseal
fracture in the same bone usually requires opera-
tive treatment.

Nonoperative Treatment

Nonoperative treatment of fractures consists of ob-
taining adequate alignment, and maintaining the
alignment in an external immobilization device.
For nondisplaced fractures, no change in alignment
is necessary, and this step is skipped. For displaced
fractures, closed reduction improves alignment.
Reduction can be obtained by techniques such as
the application of gentle axial traction. The intact
soft tissue hinge guides the fracture to the correct
alignment. The simplest example is having a pa-
tient with a humeral shaft fracture sit up. Gravity
provides longitudinal traction on the arm, and the
alignment of the displaced humerus fracture is im-
proved. When this technique depends on intact lig-
amentous attachments around a fracture, it is
termed ligamentotaxis (Figure 4-14). Other times
accentuation of the deformity is necessary to un-
kink a soft tissue hinge before manipulation into
the desired alignment is performed. Fractures that
can be reduced, and reductions maintained in an
external immobilization device are considered sta-
ble. Fractures that cannot be reduced, or lose reduc-
tion in an external immobilization device, are
considered unstable.

Devices used to maintain the reduction supple-
ment the stability achieved with the reduction of
the bone. Common immobilization devices include
splints, casts, and braces. The external immobiliza-
tion device contributes a little to the stability of the
fracture by increasing the hydrostatic pressure
around the fracture. They will not prevent displace-
ment of an unstable fracture. They immobilize the
injured part for pain relief and to prevent further in-
jury. They also position the limb in a way to prevent
common contractures.

FIGURE 4-14. This schematic demonstrates reduction of a
displaced distal radius fracture. Longitudinal traction on
bone fragments with ligamentous attachments leads to frac-
ture reduction via ligamentotaxis.

Splints and Casts

Splints are thoughtfully constructed slabs of
plaster molded around a limb to provide immobi-
lization of a fracture, without circumferential
compression. They are commonly used as the first
treatment of a fracture. The noncircumferential
nature accommodates swelling. Lower extremity
splints are either short or long leg, depending on
whether the knee is immobilized. The ankle is al-
ways immobilized in a neutral position to prevent
an equinus contracture (Figure 4-15). Upper ex-
tremity splints are more varied. A long arm splint
is commonly used to immobilize a radial head
fracture, where a short arm splint is used on a dis-
tal radius fracture. Specialized upper extremity
splints include the coaptation, sugar tong, and
gutter splints. A coaptation splint is used to im-
mobilize a proximal or shaft fracture of the
humerus. It consists of a U-shaped slab of padded
plaster molded from the axilla, around the elbow,
then up the lateral arm and around the shoulder.
A sugar tong splint is a device used to immobilize
a distal radius fracture. It controls the flexion and
extension of the wrist as well as forearm rotation.
A sugar tong splint involves a long slab of plaster
placed from the dorsal metacarpophalangeal joints,



FIGURE 4-15. A padded posterior
plaster slab has been used to form a short
leg splint. Ace wraps accommodate
swelling. The foot is kept in a neutral po-
sition to prevent an equinus contracture.

along the dorsum of the forearm, around the elbow,
and to the metacarpophalangeal joints on the ante-
rior side. Full, unrestricted metacarpophalangeal
motion should be allowed (Figure 4-16). A gutter
splint is applied to the radial or ulnar border of
the hand, and is commonly used to immobilize
metacarpal fractures. The metacarpophalangeal
joints are immobilized in 70° to 90° of flexion, to
prevent contractures of the collateral ligaments
(Figure 4-17). Splints are wrapped with ace wraps
or other expandable covering to accommodate
swelling.

Casts can be made from plaster or synthetic
material. Plaster casts are moldable and can be
shaped to fit the limb. Plaster casts are applied
over a few layers of cotton padding. The plaster
rolls are applied snugly and tucked where free
ends are created. The plaster is molded to the
shape of the limb. The forearm and arm are
molded into flattened cylinders. The thigh is
molded into a square shape, and the leg into a tri-
angle. Careful contouring over anatomical struc-
tures such as the concavity of the palm and
malleoli is performed to fit the cast accurately to
the complex geometry of the limb. Three-point
pressure can be applied to the cast while it is dry-
ing to create a construct that supports the reduc-
tion. If angular alignment of the fracture in the
cast is suboptimal, wedging can be performed to
change the reduction a small degree. Wedging
cannot be used to change malreductions of length
or rotation. Casts made of synthetic materials can-
not be molded as well as plaster. Casts made of
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synthetic materials should be used when simple
immobilization of a stable fracture is desired, and
no maintenance of a reduction is required (Figure
4-18). Synthetic casts are also useful in preventing
common contractures after injury.

Patient education on cast and splint care is
critical to their success. Patients should be in-
structed that their splints should be left on. Many,
not knowing this restriction, will remove the
splint if it becomes uncomfortable, and jeopardize
the reduction. The patient’s reapplication of the
splint is usually not correct, leading to pressure
necrosis and contractures. Initially after the injury,
volume changes with dependency of the injured
limb will manifest with throbbing pain, tightness,
and color change. Patients must be educated to
react to these sensations with elevation of the ex-
tremity, preferably above the heart. Active move-
ment of fingers or toes is also encouraged to
promote venous and lymphatic drainage, and pre-
vent stiffness of these joints. Pain or the sensation
of unrelenting constriction after a period of eleva-
tion should result in the patient’s seeking medical
attention to loosen or replace a too tight splint or
cast. Any complaints of rubbing or burning of the
skin should be investigated immediately for soft
tissue injury. Patients should be instructed not to
stick anything into the cast, for it can cause skin
abrasion, laceration, or pressure necrosis. Casts
and splints must be kept clean and dry. Wet cast
padding will cause maceration of the skin and
breakdown. Special synthetic liners are available
that dry easily, but are not used routinely.
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FIGURE 4-16. A padded plaster slab is fashioned around
the elbow and forearm to form a sugar tong splint for a fore-
arm fracture. The metacarpophalangeal joints have unre-
stricted motion.

The most common complication of splints and
casts is skin breakdown. Focal pressure over a bony
prominence or an inadvertent depressed area
caused by the surgeon’s ill-placed fingers may
cause skin and soft tissue pressure necrosis. Areas
at risk are those with little soft tissue covering, such
as the ulnar styloid, heel, and malleoli. Careful at-
tention to padding and cast application will mini-
mize these problems. Patients” attempts to soothe
itching and irritation under the casts with the inser-
tion of long and often sharp objects can also be the
source of skin lacerations and abrasions. All com-
plaints of pain under a splint or cast should be in-
vestigated by its removal and a thorough physical

FIGURE 4-17. A padded plaster slab is used as an ulnar
gutter splints to immobilize a metacarpal neck fracture. The
fingers are included with the metacarpophalangeal joints at
70° of flexion and the interphalangeal joints in full exten-
sion. This “safe position” prevents contractures.

examination. A lost reduction can always be re-
gained, but an area of pressure necrosis can
threaten the viability of a limb. Extreme caution
should be exercised when placing a splint on a pa-
tient that cannot communicate the presence of dis-
comfort. Circumferential casts should be avoided
in this patient population. Diligent skin checks are
required.

A circumferential compressive device such as
a cast can contribute to increased pressure in the
compartments of the injured extremity. Because
casts are nonyielding, swelling in the underlying
compartments can result in compartment pres-
sures high enough to cause ischemia to the limb.



Definitive Treatment of Fractures 103

FIGURE 4-18. (A and B) A short arm plaster cast is demonstrated. Note the molding of the cast to
resemble the shape of the palm. The forearm is molded into a cylinder. (C) A fiberglass short arm cast
is shown. Much less molding is allowed with this material.

All complaints of unrelenting compression should
be investigated. A cast can be bivalved, and one
half removed at a time to inspect the limb. A re-
duction maintained by the cast, if lost by removing
the cast, can always be regained. The sequelae of
compartment syndrome are irreversible. Other
complications of immobilization devices include
joint stiffness, peripheral nerve palsy, and regional
pain syndrome.

Traction

Traction is a type of splint. Traction will improve
alignment and plays some role in reducing fracture
motion by restoring soft tissue tension. Traction can
be applied to the skin or through the skeleton. Skin

traction is used in pediatric patients with femur frac-
tures. Skeletal traction involves placing a transfixion
pin through the distal femur, proximal tibia, or calca-
neus. The pin is tensioned with a bow, and weights
applied (Figure 4-19). The pull of the weights should
be executed in line with the femur if traction is used
for pelvic or femoral fractures, and in line with the
longitudinal axis of the tibia if used for tibial frac-
tures. Complex balanced suspension systems have
been erected to suspend the limb; however, a pillow
under the leg is often all that is required to keep pres-
sure off the heel. Skeletal traction is useful in restoring
pelvic morphology when there is superior migration
of a hemipelvis after fracture. It is also used as a tem-
porizing device in patients with lower extremity
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fractures when the patient or the limb is not ready for
definitive operative treatment. In a patient with se-
vere head injury, elevated intracranial pressures, and
a femur fracture, definitive treatment of the femur
fracture may result in secondary brain injury. Length
and alignment of the femur fracture can be main-
tained in traction until the brain injury improves. Dis-
tal tibia fractures are often accompanied by major soft
tissue swelling and blistering. With the foot elevated
on a Braun-Bohler frame, calcaneal traction can main-
tain limb length and alignment until the skin is ready
for operative treatment.

Skeletal traction is rarely used for definitive
treatment. If a patient with a fracture can’t tolerate
surgery, or if the fracture cannot be treated with the
resources available, traction can be used for defini-
tive treatment. This technique is fraught with com-
plications associated with prolonged bed rest
including global deconditioning and muscular atro-
phy, skin breakdown, venous thromboembolism,
urinary tract infections, pneumonia, malnutrition,
and the development of psychiatric disorders.

Operative Treatment
The priorities in treating the injured patient are to

first save life, then limb, joints, and finally to restore
function. Operative treatment of fractures does have

FIGURE 4-19. A temporary skeletal
traction set up is demonstrated in this
photograph. A pin is placed in the distal
femur. A prefabricated padded splint
with heel relief is placed on the foot to
prevent equinus contracture and to
protect against pressure necrosis.

a role in resuscitation and can prevent mortality.
Operative reduction of an anterior-posterior com-
pression type pelvic ring injury with external fixa-
tion can reduce pelvic volume and facilitate
tamponade. Judicious early stabilization of pelvic
and femur fractures has been shown to reduce mor-
tality. However, early definitive operative treatment
of all fractures may not be warranted. For a selected
group of severely injured patients, definitive stabi-
lization of long bone fractures may be detrimental. A
more limited surgical approach with external fixa-
tion of pelvic and long bone fractures to restore
length and alignment, or “damage control orthope-
dics,” may be a safer approach until the patient’s
overall condition improves. Limb salvage priorities
involve debridement of open fractures to reduce the
risk of infection, vascular repair for ischemic limbs,
and soft tissue reconstructive procedures. Joint sal-
vage involves reconstruction of articular injuries,
ligament reconstruction, and implementation of a
rehabilitation exercise program.

Benefits of operative treatment of a fracture
include stabilization of the injured limb, which re-
duces pain, facilitates mobility and rehabilitation,
and shortens hospital stay. Operative restoration
of correct limb alignment and articular congruity
maximizes the chances of long-term successful re-
habilitation. These benefits are noted; however,
there are risks associated with operative treatment



of fractures. Bleeding may occur that requires
transfusion. Risks associated with transfusion in-
clude transfusion reaction, and the transmission
of bloodborne pathogens. HIV and hepatitis have
been transmitted by transfusion. Donor testing
has reduced the risk of transmitting HIV and
hepatitis, but has not eliminated it. Other blood-
borne pathogens likely exist but are currently not
identified. Mutations in currently existing non-
pathogens may yield new pathogens. In addition,
transient immunosuppression is seen with blood
transfusions.

Infection is a risk of any surgical procedure.
Risk factors for surgical site infections in orthopedic
patients are related to increasing age, additional
nosocomial infections, wound contamination, and
number of operations. Open fractures have higher
rates of surgical site infections than closed fractures.
The infection rate in open fractures is even higher in
the host with an immune deficiency.

Postoperative wound infections are a signifi-
cant source of morbidity and mortality in the
United States. The number of antimicrobial-resist-
ant pathogens infecting wounds is on the rise.
Wound infections almost always require rehospital-
ization and further surgery. Surgical debridements
carry the risks of additional surgery. Antibiotic ther-
apy often involves an indwelling central venous
catheter and months of antibiotics. Antibiotics are
potentially toxic to bone marrow, liver, hearing, and
kidneys.

With the use of correct antibiotic prophylaxis,
the rate of wound infections can be diminished but
not eliminated. Factors in correct prophylactic an-
tibiotic usage include using the correct antibiotic
and redosing after two half-lives during the proce-
dure. Antibiotics should be infused prior to the start
of the procedure, up to 1 hour before. Prophylaxis
should be stopped 24 hours after the procedure, to
prevent the development of antimicrobial-resistant
organisms.

Surgical treatment of fractures requires a com-
plete knowledge of the surrounding anatomy. In-
juries to nerves, arteries, and veins have been
reported with operative treatment of almost every
fracture. Nerve injuries can include neuropraxia
or neurotomesis. Surgery about the spine runs the
risk of spinal cord or nerve root injury. Vascular
injuries can result in significant hemorrhage,
and/or limb ischemia, and often require an intra-
operative vascular surgery consultation. Tendon
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or ligament injury has also inadvertently occurred
during surgery.

Other events that can occur in the periopera-
tive period include myocardial infarction, cerebral
vascular accident, pulmonary embolus, anesthesia
complications, and nerve palsies and soft tissue
breakdown from positioning and unrelieved pres-
sure. Death can occur after fracture surgery. The
rate of acute mortality after inpatient orthopedic
surgical procedures is approximately 1% for all
patients, and 3.1% for those having surgery for
hip fractures.

Problems with delayed healing and nonunion
occur with surgical treatment. Some patient fac-
tors contribute to delayed healing. Protein mal-
nutrition, smoking, and use of nonsteroidal
anti-inflammatory agents all prolong healing
times and may predispose to nonunions. Sur-
geon-controlled factors include the degree of soft
tissue stripping around the fracture. Every surgi-
cal move has its biological consequence. With
every incision, the blood supply to the fracture is
diminished. Careful consideration should be
made to minimize iatrogenic ischemia to the frac-
ture. Diminished blood supply from aggressive
soft tissue stripping leads to longer healing times
and higher infection rates.

Other problems that can arise with surgical
treatment include loss of fixation, loss of reduction,
regional pain syndrome, uncosmetic scarring, and
stiff joints.

Despite these risks, there are indications for op-
erative treatment of fractures. If acceptable align-
ment cannot be obtained, or if the alignment cannot
be maintained by nonoperative means, then opera-
tive treatment is required. In some cases immobi-
lization of a fracture is morbid to the patient or to
the limb. Operative treatment of certain fractures is
required to restore immediate weight bearing. The
vast majority of hip fractures fall into this category
(Figure 4-20). Irreducible fracture dislocations re-
quire operative reduction and internal fixation
(Figure 4-21). Some fractures have so much dis-
placement, healing without open reduction is un-
likely (Figure 4-22). Open fractures are always
treated operatively. Debridement of contamination
and devitalized tissue reduces the rate of infection.
Fractures associated with arterial injuries are
treated operatively, to restore perfusion. Skeletal
stabilization prevents disruption of the reestab-
lished blood flow. Fractures with compartment
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FIGURE 4-20. (A) Anterior-posterior radiograph of the pelvis of an elderly woman demonstrates a
right intertrochanteric femur fracture with subtrochanteric extension (#77ow). Note the previous left
hip fracture treated with internal fixation. (B) The right proximal femur fracture was treated with an
intramedullary hip screw. Weight bearing may start immediately postoperatively.

FIGURE 4-21. (A) Anterior-posterior radiograph of the pelvis demonstrates a symphysis pubis diastasis and a fracture dislo-
cation of the right hip. Reduction of the hip is impossible due to osteochondral fragments in the acetabulum. (B and C) Axial
computerized tomography images further demonstrate the posterior dislocation of the hip and intra-articular blocks to re-
duction. Operative reduction and internal fixation of the fracture were required. (D) Postoperative anterior-posterior radi-
ograph demonstrates a reduced hip and internal fixation of the acetabular fracture.



syndrome are treated with fasciotomy and bony
stabilization. Stabilization of the fracture pre-
vents further soft tissue injury. Fractures caused
by pathological processes invading and weaken-
ing the bone are treated operatively (Figure 4-8).
Displaced articular fractures are thought to have
the best outcome with anatomic reduction and in-
ternal fixation (Figure 4-23). Finally, patients who
are multiply injured mobilize better with their
fractures stabilized and have lower rates of mor-
bidity and mortality. Fractures that, if occurred in
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isolation, are treated nonoperatively, such as
humeral shaft fractures, can be treated operatively
in multiply injured patients. Certain areas of the
body require immediate mobility of the adjacent
joints to prevent stiffness and diminished function.
The upper extremity is extremely sensitive to pro-
longed immobilization. Fractures about the elbow
and fingers are often treated operatively, so
enough stability can be obtained that immediate
range of motion exercises can be performed in the
surrounding joints.

FIGURE 4-22. (A and B) Anterior-posterior and scapular Y radiographs of the shoulder demon-

strate a widely displaced humeral neck fracture. Healing is unlikely with this degree of displacement,
and operative reduction and fixation are indicated. (C and D) Neer anterior-posterior and axillary
views of the shoulder postoperatively demonstrate better reduction of the fracture and internal fixa-

tion with a locked plate.

continued
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FIGURE 4-22. (Continued)



FIGURE 4-23. (A and B) Mortise and lateral views of the
ankle demonstrate a distal tibia fracture with intra-articular
extension. Gap and step-off of articular fragments creates an
irregular joint surface. (C and D) Postoperative mortise and
lateral radiographs reveal reduction of the articular surface
maintained by plates and screws.
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OPERATIVE TECHNIQUES FOR
FRACTURE REDUCTION AND
STABILIZATION

Closed Reduction and Percutaneous
Pinning

Percutaneously placed Kirschner wires can supple-
ment stability of a closed reduction. The small di-
ameter wires have some purchase on both cortices,
which supplements the stability of the construct
(Figure 4-24). They have definite limitations in their
ability to hold a reduction in unstable fractures.

FIGURE 4-24. Posterior-anterior (A) and lateral (B) ra-
diographs of the wrist demonstrate a distal radius fracture.
Three Kirschner wires help maintain the reduction.

They usually lose any mechanical advantage within
several weeks. Percutaneously placed pins almost
always require supplemental stabilization with a
splint, cast, or external fixator (Figure 4-25C and D).

External Fixation

An external fixation system consists of threaded
pins placed bicortically in bone, coupled to external
bars and clamps. This technique provides relative
stability. External fixation has several advantages. It
can be quickly applied and is completely modular.
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Pins can be placed at the surgeon’s discretion, and
the frame can be custom built. The fixation construct
can also be modified at will. External fixation is the
only fixation method where the surgeon has direct
control over the construct stability. Stability is in-
creased with anatomic fracture reduction, increased
size of pins, increased pin spread within a fragment,

FIGURE 4-25. (A) This clinical photograph demonstrates a simple external fixator used to stabilize

decreased distance of bars to bone, increased num-
ber of bars, and a multiplanar frame. Conversely, the
frame can be destabilized to decrease the stability. It
is a good way to maintain proper length and rota-
tion of the extremity. This is commonly referred to as
“traveling traction.” The technique is tissue friendly.
Pins can be placed around wounds or marginal

an open distal humerus fracture. A generous incision was created to insert the humeral pins in an ef-
fort to avoid injury to the radial nerve. (B) Lateral radiograph of the tibia demonstrates a diaphyseal
fracture with posterior bone loss. The reduction is maintained with an external fixator. Two sets of
pin-to-bar clamps are seen anterior to the tibia. As the bone heals, the frame can be destabilized by
gradually disassembling the construct. (C and D) External fixation is useful for definitive treatment of
distal radius fractures. Anterior-posterior and lateral radiographs of the wrist demonstrate this appli-
cation. The traction provided by the external fixator maintains the metaphyseal reduction with the as-

sistance of Kirschner wires.

continued
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FIGURE 4-25. (Continued)

quality skin. The technique can also be used for re-
constructive tasks such as deformity correction or
distraction osteogenesis.

Different types of external fixators exist. In-
serted into the bone are large threaded pins or small
tensioned wires. Pins can be cylindrical or tapered.
The pins are generally coupled to bars and clamps,
and thin wires are tensioned and connected to
rings. External fixation systems can be completely
modular, or consist of prefabricated frames with use
directed toward specific regions (wrist, ankle). New
hinged external fixators are used to hold the reduc-
tion of an unstable knee or elbow, while allowing
range of motion of the joint.

Pins are usually inserted through stab incisions
in the lower extremity. In the femur, pins are placed
into the anterolateral quadrant. Tibial pins are in-
serted from the medial border. Talar and calcaneal
pins are inserted from medial to lateral, avoiding
the medial neurovascular bundle. In the upper ex-
tremity, pins are inserted through a generous inci-
sion and dissection to avoid nerve injury (Figure
4-25A). A thorough knowledge of cross-sectional

anatomy is required before placing small transfix-
ion pins. At least two pins or wires should be in-
serted into each fragment.

Pin failure is the limitation of the technique. Pin
failure is the result of infection and loosening. Pin
tract infection is nearly universal. The incidence of
infection varies by site. Fleshy areas such as the arm,
pelvis, and thigh have more pin site infections than
areas with less tissue, such as the tibia. Slight puru-
lent drainage or localized cellulitis is treated with in-
creased local care and oral antibiotics. If this fails, or
cellulitis becomes regional, systemic antibiotics are
required. With advanced infection, osteolysis occurs
around the pin and can be visualized on radi-
ographs. With the pins loose, they must be removed,
and the tract curetted. Osteomyelitis or a sequestrum
can develop from infected pins. Additional pins in
noninfected area may need to be placed to accommo-
date for the lost stability of the construct.

Despite the ubiquitous problem of pin tract infec-
tions, no standard pin care system has been recom-
mended. Physicians vary in their recommendations
from half strength peroxide, peroxide, Betadine, soap
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and water, chlorhexidine solution, and dilute bleach.
The pins should be covered to prevent external con-
tamination. Fleshy areas should be compressed with
the dressings to prevent pistoning of tissue on the
skin, which contributes to tissue necrosis and infec-
tion. Pins should have complete release of the sur-
rounding soft tissue. Tenting of the skin causes
necrosis, which predisposes the tract to infection.
The threaded portion of the screw should stay below
the skin surface. Pin tract infections will definitely
affect future stabilization options. In the tibia, a pin
tract infection is considered a contraindication for
subsequent intramedullary nailing. This scenario is
tolerated somewhat better in the femur.

Taking steps to preserve the pin-bone interface
can minimize pin loosening. Mechanical and ther-
mal damage to the bone from drilling and pin inser-
tion can cause osteonecrosis, which weakens the
critical interface and predisposes to infection. Drills
should be sharp and irrigation cooled, and pins in-
serted under manual power. As the rigidity of the
construct increases, less strain on the pins occurs.
This also helps preserve the critical interface.
Weight bearing on an unstable fracture should be
avoided. Stress overload at the pin-bone interface
puts pin at risk for failure. The bone-pin interface is
stronger in cortical than cancellous bone. Hydrox-
yapatite coating on the pins improves osteointegra-
tion and the strength of the bone-pin interface, and
prevents loosening. This corresponds to a reduction
in infection of pin tract.

With time, almost all pin-bone interfaces will be-
come loose, and the frame will become ineffective in
maintaining alignment of the bone. This is why ex-
ternal fixation often leads to nonunion or malunion
when prolonged stabilization is required. Open tibia
fractures, which have long healing times, develop
more malunions with external fixation compared to
intramedullary nailing. Hydroxyapatite-coated pins
have been shown to reduce malalignment with ex-
ternal fixation systems left on for long periods of
time, such as for tibial lengthening.

External fixation may be used as a temporizing
technique until the patient or limb is ready for de-
finitive stabilization. Care must be taken with sub-
sequent intramedullary nailing in the tibia, for
infection rates are higher. External fixation can also
be used as definitive treatment.

External fixation is a good method of definitive
treatment for fractures that have an articular injury
and metaphyseal comminution. Distal radius and dis-
tal tibial fractures are common fractures that fit this
description. These injuries require precise articular

reduction with maintenance of correct length through
the comminuted metaphyseal segment. External fixa-
tion is usually applied to preserve length of the limb,
and articular reduction is performed through small,
directed incisions. Fixation in the metaphyseal and di-
aphyseal sections are not required, they will heal with
callus (Figure 4-25C and D).

External fixation is suited to fractures that re-
quire a dynamic mechanical environment. The mod-
ularity of the frame of an external fixator allows the
surgeon to slowly destabilize the frame as the frac-
ture heals, gradually applying more load to the bone
and less to the fixator (Figure 4-25B).

In cases with large bony defects, external fixa-
tion may play a role in reconstruction. With large
areas of bone loss, the external fixator will allow
acute shortening of the limb, followed by gradual
lengthening via distraction osteogenesis. This tech-
nique may obliviate the need for formal soft tissue
coverage with local or rotational muscle flaps.

Intramedullary Nailing

The term intramedullary nail can be used to describe
a variety of devices that are inserted into the
medullary canal of a long bone. These implants are
used to stabilize fractures, osteotomies, impending
pathological fractures, and new regenerate bone
after lengthening.

Intramedullary nails may be classified by some
of their physical characteristics. Flexible nails have
small diameters and uniform curvatures. Fixation is
achieved by stacking several into the medullary
canal, or by placing the curved nail to achieve three-
point fixation. Larger diameter rigid nails are solid
or hollow. Hollow or cannulated nails may be in-
serted over a guide wire. Hollow nails can be open
section (slotted) or closed sectioned. Rigid nails
may have interlocking capabilities. Proximal and
distal perforations through the nail allow placement
of screws that pass through bone and nail. Dynamic
locking of the nail is with interlocking screws in one
end. This locking allows some compression and mi-
cromotion at the fracture site. This treatment should
be used only with axially stable fractures. Static
locking uses interlocking screws in both fragments
and is the best technique to control length and rota-
tion. Nails are inserted with or without reaming.
Reaming is the process where the intramedullary
canal is enlarged by a motorized rotary curette. This
method allows for the placement of a larger,
stronger implant.
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Nails are preferably inserted with closed tech-
nique, not exposing the fracture. Traction, manipula-
tion, and fluoroscopy are required to achieve and
maintain reduction. In open nailing, the fracture site is
exposed. Currently, the preference is to avoid open
nailing, except in certain subtrochanteric fractures
where closed reduction almost always fails. By default
open fractures are nailed with an open technique.

Many different styles of intramedullary nails have
evolved over the past decades. Currently two types
are used. Small diameter flexible nails are curved to
achieve three-point fixation in the medullary canal of
the bone. Multiple nails are used in the same bone to
achieve many points of contact and interference fit

A

FIGURE 4-26. (A and B) Anterior-posterior and lateral radiographs of the tibia demonstrate

between each other. These devices hold angulatory
alignment well, but are less proficient in maintaining
length and rotation. They are often used in children’s
fractures (Figure 4-26C). Adult femur and tibia frac-
tures are treated with a cannulated interlocking
nail. The cannulated design allows the use of a
smaller guide wire to obtain the reduction. Reaming
and nail insertion are performed over the guide
wire (Figure 4-26A and B). Static interlocking is gen-
erally performed.

The nail and the bone form a composite mate-
rial. The nail acts as a splint. Nail contact with the
bone occurs at the insertion site, diaphysis, and
interlocking screws. There is some motion at the

C ¥

a statically locked intramedullary nail placed to stabilize a diaphyseal tibia fracture. Note the
intramedullary nail in the femur as well. (C) Anterior-posterior radiograph of the femur in a
child demonstrates multiple small flexible nails stabilizing a femoral shaft fracture.
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fracture site. This promotes callus formation. As
the bone heals, it gradually assumes more of the
load and less stress is seen by the implant. Ideally,
the bone-nail composite has enough fatigue resist-
ance to allow fracture healing to occur, yet is not
overly rigid to impair the physiologic stimulus for
healing. One advantage of this technique is that the
implant is load sharing, and the construct is strong
enough to allow immediate weight bearing.

Advantages of intramedullary fixation include
providing good fracture stability through a mini-
mally invasive technique of insertion. The soft tis-
sue envelope around the fracture is preserved,
minimizing surgical devascularization of the in-
jured bone. The implant is central in the bone, close
to the mechanical axis of the limb, which is opti-
mally positioned to reduce bending forces. Proxi-
mal and distal locking control length and rotation.
Early weight bearing, even in comminuted frac-
tures, is allowed with this configuration.

Reamed statically locked nails is the method of
choice for fractures of the diaphyseal femur and
tibia. New nail designs with more peripheral and
variable angle interlocking screws, and with tech-
niques such as blocking screws, can be used for
fractures in the metaphyseal area. Nailing is not al-
ways the best treatment method for all long bones.
Intramedullary nailing of humerus fractures results
in more complications, and more secondary sur-
gery. Intramedullary nails have also been devel-
oped for the fibula and forearm, but have limited
indications.

Disadvantages of intramedullary nailing are
few. Loss of fixation, loss of reduction, and malu-
nion occur, but are usually due to poor patient se-
lection or poor implant selection. The fracture is
usually too peripheral for the interlocking screws to
hold the reduction, and an alternative fixation
scheme may provide more stable fixation. Another
source of healing problems is hardware failure.
Smaller interlocking screws used with smaller nails
in tibia fractures tend to break more often, however,
hardware failure is not always associated with
nonunion or malunion.

The timing of fracture fixation in the multiply
injured patient, particularly the timing of femoral
nailing, is often controversial. For the vast majority
of patients, fixation of long bone (particularly femur
fractures) within the first 1 to 2 days is beneficial.
Shorter duration of ventilator dependence, short-
ened length of stay in the hospital, and lower rates
of acute respiratory distress syndrome, pneumonia,
and other pulmonary problems has been reported.

It is thought that some multiply injured patients
cannot tolerate early intramedullary nailing of the
femur or tibia. It has been proposed that those pa-
tients with significant pulmonary injuries have
higher rates of adult respiratory distress syndrome
and mortality after this procedure, but others have
disputed this conclusion.

There is also concern about early intramedullary
nailing of femur fractures in patients with closed
head injuries and elevated intracranial pressures.
The fear is that the femur stabilization will cause sec-
ondary brain injury. Factors associated with second-
ary brain injury are hypotension, hypoxia, and
subsequent decreased cerebral blood flow. Cerebral
perfusion pressure has been found to decrease intra-
operatively during reamed intramedullary nailing
of the femur. Early fixation of femur fractures in pa-
tients with head injury is thought to be safe; how-
ever there is no clear-cut guidance from the
literature and treatment should be tailored to the in-
dividual patient.

Open Reduction and Internal Fixation

Open reduction and internal fixation is indicated
for fractures with unacceptable alignment after
closed reduction and immobilization, lower extrem-
ity limb malalignment, and articular incongruity. In
some cases open reduction and internal fixation is
warranted to allow immediate weight bearing, or
because the patient’s outcome will be better than
nonoperative treatment.

In general, for some fractures the quality of re-
duction is very important. Articular fractures are
thought to require perfect anatomic reduction for
best outcome. Gaps or step-offs in the articular sur-
face produce areas of stress concentration, which is
thought to lead to posttraumatic arthrosis. How-
ever, not all joints require perfect articular reduction
for good results. The outcome of acetabular frac-
tures is dependent on the quality of reduction.
However, there is little proof that accurate articu-
lar reduction of tibial plateau fractures is impor-
tant for a good clinical outcome. The results in
intra-articular fractures about the proximal inter-
phalangeal joint depend more on maintaining joint
reduction than articular reduction. Other factors
such as age and infection also affect the outcome
after articular fracture.

Reduction in nonarticular fractures can have a
significant affect on function. The radius morphol-
ogy must be anatomically reduced to allow full
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forearm rotation (Figure 4-27). Metacarpal and pha-
langeal fractures must have no malrotation or the
fingers will not be parallel, which is functionally
disabling. Apex anterior angulation of a metatarsal
neck fracture will lead to plantar prominence of the
metatarsal head, producing a painful prominence
with weight bearing.

In fractures of the lower extremity, restoration
of correct axial alignment of the limb is just as im-
portant as the quality of articular reduction. If a
fracture malreduction leads to varus or valgus
alignment of the knee or ankle relative to the floor,
ambulation becomes awkward and painful, defor-
mity results with subsequent degenerative changes
in the affected joints. For the femur and tibia, varus
and valgus tolerances approach 5°. Malrotation in
the lower extremities is poorly tolerated if the dif-
ference between limbs exceeds 10°. Shortening of

FIGURE 4-27. Anterior-posterior (A) and lateral
(B) radiographs of the forearm demonstrate
anatomic reduction of the radius and ulna. The re-
duction is maintained by 3.5 mm low contact dy-
namic compression plates and cortical screws.
Perfect reduction of the radius is critical in restoring
full forearm rotation.

the lower limb greater than 1 cm results in sympto-
matic leg length discrepancy, and often requires or-
thotic management.

A variety of implants are used in internal fixa-
tion. Different fractures require different types of
stability. Screws are usually considered to be cortical
or cancellous. Cancellous screws have a larger outer
diameter, a deeper thread, and a larger pitch than
cortical screws. Screws used to obtain compression
across a fracture site are termed lag screws. Com-
pression occurs between the screw head on one cor-
tex, and thread purchase on the far cortex. Screws
are also used to secure a plate to the bone. Locked
screws have threaded heads that fit into a correspon-
ding thread on the plate hole, creating a fixed angle
device (Figures 4-13, 4-28). Screws range in size from
1.1 mm to 7.3 mm. Screws can be solid or cannu-
lated. Cannulated screws are placed over a smaller




FIGURE 4-28. Anterior-posterior radiograph of the ankle

in an elderly woman. Note the profound osteopenia. This
difficult fracture is stabilized using a locking fibular plate.
Several screws are passed from the fibula into the tibia to
improve purchase of the implants.

guide wire, which may improve the accuracy of im-
plant placement in critical areas.

Implants are broken into categories in the AO
system. Minifragment implants include cortical
screws from 1.1 mm to 2.7 mm. Small fragment
screws are 3.5 mm cortical screws and 4.0 mm can-
cellous screws. Large fragment implants use 4.5 mm
cortical and 6.5 mm cancellous screws. Cannulated
7.3 mm cancellous screws are available as a separate
set. The size of the screw needed depends on the
size of the bone, size of the fragment, and surgeon
preference.

Plates vary in size and shape. The characteris-
tics of a plate affect the plate’s strength and con-
tourability. Plates vary from 1.5 mm wafers in the
minifragment set to stout, broad 4.5 mm dynamic
compression plates. Tubular plates are thin, mold-
able, and placed in areas with little subcutaneous
tissue. Dynamic compression plates allow variable
placement of screws in the holes. With eccentric
screw placement, compression can be achieved in-
directly across the fracture. Limited contact dy-
namic compression plates have a lesser footprint to
lessen the deleterious effect plates have on the un-
derlying cortical circulation. Reconstruction plates
have deep grooves between holes to allow more
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complex contouring. Periarticular plates are de-
signed to fit on a certain portion of a certain bone.
The plate shape and type transitions as the needs
differ in various areas of the bone.

A plate should be used to perform a specific
task. Lag screws provide compression across a frac-
ture site, but the lever arm is too limited to resist
functional loading. Lag screws are often supple-
mented with a plate that resists these forces. This is
a neutralization plate. A plate functions as a tension
band when applied to the tension side of a fracture.
Compression plating can be performed to compress
a fracture without lag screws. A buttress plate has a
supporting role. A locked plate acts as an internal
external fixator, stabilizing the fracture with multi-
ple fixed angle devices.

Internal fixation can produce absolute or rela-
tive stability. Absolute stability is achieved with lag
screws and a neutralization plate. Motion is re-
duced to such an extent at the fracture site that pri-
mary bone healing occurs. Relative stability confers
that all motion is not eliminated, but enough stabil-
ity exists to allow bone healing and rehabilitation. A
bridge plate is an example of relative stability. The
screws couple the plate to the bone proximal and
distal to the fracture, leaving this area alone.

Internal fixation implants maintain the desired
alignment of the bone until the fracture heals. Un-
like intramedullary nails, these implants are less
load sharing, and weight bearing is usually not al-
lowed until the bone heals.

REHABILITATION

An injury results in decreased physical activity for
the patient. When the fracture is fresh or unstable,
pain limits activity. Problems with limited activity in-
clude global deconditioning, muscle atrophy, joint
stiffness, and disuse osteopenia. However, as the
fracture heals, pain lessens, and activity level should
slowly increase. Treatment modalities such as casts
or braces will immobilize joints, producing stiffness.
Immobilization also decreases cartilage nutrition,
further insulting the joint. Some lower extremity
fractures require physician-imposed restrictions on
weight bearing, which makes locomotion with a
walker or crutches unnatural and cumbersome.

The goal of treatment of a fracture is to return the
patient to his or her vocational and recreational activ-
ities. Every injury is different, but each patient can tol-
erate some exercise. Patients should be encouraged to
participate in joint range of motion exercises and
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muscle strengthening or maintenance exercises. An
exercise program for all limbs should be established.
For example, upper extremity strengthening exercises
will improve crutch-walking endurance in the patient
with a lower extremity injury.

When healing has progressed, gait training may
be helpful as the patient transitions from wheel-
chair to independent ambulation. Balance and pro-
prioception training are important factors in
regaining normal function. Water exercise may be
beneficial in maintaining strength and endurance in
those who have restrictions on weight bearing, or
are not quite comfortable exercising on land.

A licensed physical therapist may be helpful in
providing instruction and feedback to the patient.
The therapist also monitors the patient’s progress,
alerting the physician if no improvement or regres-
sion occurs. It should be made clear, however, that it
is the patient’s responsibility to perform all exercises
as instructed, every day. Exercise should not be lim-
ited to physical therapy sessions only. The conse-
quences of noncompliance should be emphasized.

Rehabilitation from upper extremity injuries
can also be difficult. The emphasis in the upper ex-
tremity is early joint range of motion to prevent
stiffness. Again, a licensed physical or hand thera-
pist is part of the methodology, but should not be
the sole source of exercise for the injured patient.

There are many facets to recovery. The rehabili-
tation team consists of not only physicians, nurses,
and therapists, but also dieticians, social workers,
and vocational counselors. The psychological im-
pact of injury tends to be under-recognized by the
medical team. The inclusion of a health psycholo-
gist to the team may benefit the injured patient.
Considerable psychological distress has been iden-
tified in patients up to 2 years after severe lower ex-
tremity injury, and few get any mental health
services.
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stabilization techniques were compared. The authors concluded the use
of reamed intramedullary nailing for acute stabilization of femur frac-
tures in multiply injured patients who have a thoracic injury does not
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This retrospective study demonstrated a significant increase in ARDS
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Am 1997;79-A:334-341.
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served, with a higher rate of hardware failure in the unreamed group.
Reamed intramedullary nailing is safe for open tibia fractures.
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associated lung contusion—a cause of post traumatic ARDS?
J Trauma 1993;34:540-548.
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may trigger ARDS. In the absence of chest trauma, early definitive
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Blachut PA, O'Brien PJ, Meck RN et al. Interlocking intramedullary
nailing with and without reaming for the treatment of closed
fractures of the tibial shaft. ] Bone Joint Surg Am 1997,79-A:
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nervous system outcomes. ] Trauma 1999;46:839-846.
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three weeks after the injury. ] Bone Joint Surg Am 1996;78-A:
1632-1645.
This review of operative treatment of acetabular fractures demon-
strated the quality of reduction was related to the postoperative clin-
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Marsh JL, Buckwalter J, Gelberman R, et al. Articular fractures:
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Joint Surg Am 2002;84-A:1259-1271.
The authors review the data available on articular reduction and pa-
tient outcome. Topics covered include the effects of articular injury,
articular step-off, accuracy of the measurement of articular dis-
placement, and the effects on the accuracy of reduction on outcomes
of specific fractures.

McCormack RG, Brien D, Buckley RE, et al. Fixation of fractures
of the shaft of the humerus by dynamic compression plate or
intramedullary nail: A prospective, randomised trial. ] Bone
Joint Surg Br 2000;82-B:336-339.

A prospective randomized trial of intramedullary nailing versus dy-
namic compression plating for unstable humerus fractures demon-
strated higher rate of complications with the use of intramedullary
nails. The authors feel that intramedullary nails may have specific
indications, but dynamic compression plating is the standard of care.

Perren SM, Frigg R, Hehli M, et al. Lag Screw. In: Ruedi TP and
Murphy WM, eds. AO Principles of Fracture Management.
New York: Thieme, 157-168.

This well-illustrated chapter provides a concise review of the me-
chanics and applications of lag screws.

Wittner B, and Holz U. Plates. In: Ruedi TP and Murphy WM,
eds. AO Principles of Fracture Management. New York:
Thieme, 2000:169-186.

This well-illustrated chapter provides a concise review of the me-
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Eastwood EA, Magaziner ], Wang J, et al. Patients with hip frac-

ture: subgroups and their outcomes. ] Am Geriatric Soc
2002;50:1240-1249.
In this review of 571 patients with hip fractures, 33 to 37% re-
turned to prior levels of function 6 months after fracture. Only 25%
were independent ambulators at that time. The authors developed
five subgroups with 6 month outcomes that clinicians may use to
predict functional recovery for patients.

McCarthy ML, MacKenzie EJ, Edwin D, et al. Psychological dis-
tress associated with severe lower-limb injury. ] Bone Joint
Surg Am 2003;85-A:1689-1697.

Two years after severe lower extremity injury, almost one-fifth of
patients had severe phobic anxiety and/or depression (versus 2 to
3% rate in general population). Factors associated with psychologi-
cal disorders in these patients include poorer physical function,
younger age, nonwhite race, poverty, a likely drinking problem,
neuroticism, poor sense of self-efficacy, and limited social support.
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his chapter discusses the diagnosis and treatment of different forms of
acute and subacute osteomyelitis and septic arthritis. The treatment of these
bone and joint infections has evolved. We currently recommend a short course of
IV antibiotics for almost all types of bone and joint infections followed by oral
therapy. Surgical debridement is necessary for infections with documented ab-
scesses and where there has been bone destruction. The debridement of the in-
fected bone enhances antibiotic penetration and thereby shortens the course of
IV antibiotics. Antibiotic therapy alone is sufficient if the bone infection is diag-
nosed early, and there is no abscess found or bone destruction seen radiographi-
cally. The need for arthrotomy for the drainage of acute septic arthritis of the hip
has become controversial. Nevertheless, most authors and pediatric orthopaedic
surgeons feel that anterior arthrotomy of the hip is the safest and most secure
means of drainage of the infected hip. Other forms of bone and joint infection are
discussed thoroughly.
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DIAGNOSIS AND TREATMENT
OF OSTEOMYELITIS AND SEPTIC
ARTHRITIS

The treatment of bone and joint infections in children
has continued to evolve since the development of an-
tibiotics in the early 1940s. We have witnessed the de-
velopment of penicillin resistance by staphylococci
and the subsequent development of the semisyn-
thetic penicillins and cephalosporins, which eradi-
cate these penicillin-resistant staphylococci. Because
of the risk of chronic bone infection, acute hematoge-
nous osteomyelitis was traditionally treated with
6 weeks of intravenous (IV) antibiotics in the hospi-
tal. However, a short course (5 to 10 days) of IV an-
tibiotics in the hospital followed by a longer course
of oral therapy has been shown to be effective in
eradicating these infections. The incidence of acute
bone and joint infections in children has declined.
The reason for the decline is unclear; however, nu-
merous articles in the literature have documented
this reduced incidence of these infections.

ACUTE HEMATOGENOUS
OSTEOMYELITIS

Classification

Osteomyelitis in children may be classified in various
ways. The age of the child at the onset of the infection
determines the type of infection that develops. Acute
hematogenous osteomyelitis behaves differently in
neonates from the way it does in children. Because of
the existence of blood vessels that cross the growth
plate in neonates and infants younger than age 18
months, the bone infection that develops in that age
group will likely cross the physis; however, in older
children, acute infections rarely cross the growth
plate (Figure 5-1).

Osteomyelitis may also be classified according
to the severity of the infection and the rapidity with
which it develops. Acute hematogenous os-
teomyelitis has a rapid onset, and children with this
illness are usually seen within one to several days
from the onset of the infection. Another form of bone
infection is subacute hematogenous osteomyelitis,
which resembles the acute form; however, the chil-
dren are less ill, and the infection causes fewer sys-
temic findings (Table 5-1). Chronic osteomyelitis is
usually present for months before either detection or
treatment. It may also result from inadequate treat-
ment of an acute bone infection. It more commonly

is the result of an infection that is secondary to an
open fracture of a long bone.

Osteomyelitis may result from hematogenous
spread of the infecting organism, which is the most
common means of production of osteomyelitis in
the child. Bone may also become infected secondar-
ily from the spread of a contiguous area of infection,
although this is uncommon. A bone infection may
also result from direct inoculation of bacteria. If in-
fection occurs, it is usually the result of an open
fracture of a long bone or penetration of a bone such
as is seen after nail punctures of the foot. Lastly,
bone infections may be classified according to the
type of infectious agent. Both pyogenic and granu-
lomatous organisms may infect bone. We discuss
only pyogenic infections in this chapter.

Pathogenesis

The metaphyses of long bones is where acute
hematogenous osteomyelitis begins. The nutrient ar-
tery of the long bone divides within the medullary
canal of the bone, ending in small arterioles that as-
cend toward the physis. Just beneath the physis,
these arterioles bend away from the physis and
empty into venous lakes that drain into the
medullary cavity. It is here, in the bend of these ar-
terioles, that the infection begins. Bacteria injected
into the osseous circulation are phagocytosed in the
medullary cavity of the bone; phagocytosis, how-
ever, seems to be less active in the metaphysis. This
differential in phagocytosis may explain the
predilection of the metaphysis for the development
of acute hematogenous osteomyelitis. A lack of
reticuloendothelial cells in the metaphysis often ex-
ists, so bacteria that lodge there are more likely to
multiply and establish an infection. The bacteria
may also lodge in the metaphysis because of a de-
crease in the rate of circulation at the bend of the
terminal arterioles before they empty into the ve-
nous lakes. Nade has shown with the use of electron
microscopy that the new metaphyseal vessels that
are growing as the physis itself grows have a lack of
an endothelial lining. Therefore, the blood that cir-
culates in these vessels is in direct contact with the
recently ossified metaphyseal bone. Not only would
the red blood cells be in direct contact with the os-
teocytes, but any circulating bacteria would also di-
rectly contact the metaphyseal bone. This fact is the
most likely reason for the nearly universal localiza-
tion of acute hematogenous osteomyelitis in the
metaphysis of long bones.
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FIGURE 5-1. Views of the hip in a neonate. The intraosseous circulation in the femoral head
of a neonate is different from that in a child older than 12 to 18 months. Blood vessels are seen
crossing the growth plate in the femoral neck and head of a neonate.

Trauma may be associated with the establishment
of a bone infection in a certain location. Children with
acute hematogenous osteomyelitis frequently com-
plain of trauma as an inciting incident. It is well
known that the trauma may simply bring the
child’s attention to a preexisting lesion. It has been
shown, however, that rabbits in whom a bone is
traumatized develop an infection more frequently
in the traumatized bone than in nontraumatized
areas after the production of a bacteremia. Clinical
evaluations of patients with acute hematogenous
osteomyelitis frequently reveal a history of blunt

TABLE 5-1.

trauma to the affected bone. This may well be an
accurate cause and effect, but the association of
trauma is always considered by anyone who has a
painful extremity whether or not trauma is the
cause.

Once established, the infection produces an ex-
udate, and if the infection remains untreated, pus is
produced. The fluid formed seeks the path of least
resistance for egress from the metaphysis. The fluid
can spread in one of three ways. It can spread from
the metaphysis into the diaphysis; it can spread
into the epiphysis across the physis; or it can exit

Comparison of Acute and Subacute Hematogenous Ostemyelitis

Acute

Subacute

White blood cell count

Blood cultures
Bone cultures

Localization

Pain

Systemic illness
Loss of function
Prior antibiotics

Initial radiograph

Erythrocyte sedimentation rate

Frequently elevated
Frequently elevated
50% positive

90% positive
Metaphysis

Severe

Fever, malaise
Marked
Occasional

Bone normal

Frequently normal
Frequently elevated
Rarely positive
60% positive

Diaphysis, metaphysis, epiphysis,

cross physis
Mild to moderate
No
No or minimal
30%-40%
Frequently abnormal
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the cortex of the bone, producing a collection of
subperiosteal pus. Although an infection that com-
mences in the metaphysis of a long bone may occa-
sionally spread into the diaphysis, it rarely does so.
Instead, the infection generally spreads through the
cortex of the metaphysis of the bone of a child. It is
important to this discussion to understand the
anatomy of a human bone at different ages to ap-
preciate how the same infection behaves differently
in patients of various ages. For example, the pres-
ence of transphyseal vessels in the neonate allows
an infection that begins in the metaphysis of a long
bone to easily spread into the epiphysis through
these vessels (see Figure 5-1).

In the child older than 1 year to 18 months, an os-
teomyelitis that begins in the metaphysis of a long
bone usually spreads through the cortex of the meta-
physis. The metaphyseal cortex of the infant is
porous, thereby providing easy access for the egress
of an exudate or pus. As the fluid exits the bone cor-
tex, it elevates the periosteum, which in the child is
loosely adherent to the cortex of the bone. The pe-
riosteum is, however, thick and therefore not easily
penetrated, so the pus remains subperiosteal until
there is enough periosteal destruction to allow the
development of a soft tissue abscess. The periosteum
of the adult is more thickly adherent to the bone cor-
tex, but it is also much thinner and easily torn.

If an osteomyelitis progresses in a child, the in-
fection that begins in the metaphysis produces loss
of the endosteal blood supply of the involved bone
because of thrombosis of the venous and arterial
blood supply. Once pus escapes through the meta-
physeal cortex, it elevates the periosteum, thereby
depriving the bone of its remaining vascular supply.
The portion of the bone that has become avascular
is termed a sequestrum. The elevated periosteum re-
mains viable because its blood supply, which is de-
rived from the overlying muscle, is undisturbed.
The cambium layer of the periosteum continues to
produce bone; however, this bone is produced at a
distance from the bone cortex because the perios-
teum has been elevated. This new periosteal bone is
termed the involucrum.

Acute hematogenous osteomyelitis begins with
a “cellulitis” phase in which no obvious pus has
been produced. The patient will exhibit at the signs
of a bone infection, but there will be no obvious pus
formation. If this infection is left unchecked, an ab-
scess will form. The pus then escapes through the
cortex of the metaphysis of the long bone, produc-
ing a subperiosteal abscess. This concept of an ini-
tial cellulitis of bone is important because it is

during this stage that medical treatment alone usu-
ally results in cure of the infection.

Staphylococcus aureus—the organism that causes
the most cases of acute hematogenous osteomyelitis—
is responsible for more than 90% of cases in other-
wise normal children. Other organisms may
produce acute hematogenous osteomyelitis, such as
bacteroides, pneumococcus, Kingella kingae, and
Haemophilus influenzae. In neonates, Staphylococcus is
still common, as are group B Streptococcus and
Gram-negative organisms. In patients with sickle
cell disease, both Staphylococcus and Salmonella are
known to cause acute hematogenous osteomyelitis.
Group-A B-hemolytic streptococcus is the most com-
mon organism in patients with bone, joint, and soft
tissue infections (necrosing fasciitis), which occur as
a complication of varicella. This organism may also
be seen in children who have not been infected with
varicella. They tend to be very young (preschool
age), have a very high temperature, and have a high
leucocytosis.

Diagnosis

The diagnosis of acute hematogenous osteomyelitis
depends on a high index of suspicion. Children
with acute bone pain and systemic signs of sepsis
should be considered to have acute hematogenous
osteomyelitis until proved otherwise. Unfortu-
nately, not all children with osteomyelitis have the
characteristic findings typically associate with this
disease, so the diagnosis is not always easily made.
It is important, however, to make the diagnosis of
acute hematogenous osteomyelitis early in the
course of the disease, because both the course of the
disease and its ultimate prognosis depend on the ra-
pidity and adequacy of treatment.

For those instances in which an absolute diag-
nosis has not been established, the diagnosis of
acute hematogenous osteomyelitis may be estab-
lished if a patient fulfills two of the following crite-
ria: (1) bone aspiration yields pus; (2) bacterial
culture of bone or blood is positive; (3) presence of
the classical signs and symptoms of acute os-
teomyelitis exists; and (4) radiographic changes
typical for osteomyelitis occur. It is important to
have diagnostic criteria for acute hematogenous os-
teomyelitis; these criteria should include the typical
patient history and physical findings because occa-
sionally the cultures of bone may be negative. Even
with negative cultures one may make the presump-
tive diagnosis of acute hematogenous osteomyelitis



if other criteria have been established. Most of the
time, however, the diagnosis of acute hematoge-
nous osteomyelitis may result from the typical his-
tory and physical findings combined with positive
bone and blood cultures. Not all patients with acute
hematogenous osteomyelitis will have positive
bone or blood cultures; therefore, the other above
criteria may have to be used to confirm the diagno-
sis. Interestingly, it has been shown that culture
negative patients have a less severe disease than do
culture positive patients with acute hematogenous
osteomyelitis. They are less likely to have an-
tecedent trauma, overlying skin changes, and less
duration of pain.

History and Physical Examination

Children with acute hematogenous osteomyelitis
usually present with a history of bone pain of one to
several days’ duration. The pain may be well local-
ized if the child is old enough to cooperate. The
pain may be poorly localized if the child is young or
if the area of involvement produces confusing find-
ings, such as might be seen in patients with os-
teomyelitis of the pelvis. The pain usually is severe
enough to seriously limit or completely restrict the
use of the involved extremity. The child usually is
febrile and relates a history of generalized malaise
consistent with the generalized sepsis. Some chil-
dren, however, present without generalized sepsis
and therefore do not exhibit all of these com-
plaints. Thus, do not exclude the diagnosis of acute
hematogenous osteomyelitis simply on the basis of
a lack of sepsis, because this disease may be more or
less virulent depending on the organism involved
and the host resistance.

The physical examination of these children is ex-
tremely important to establish the correct diagnosis.
The examination may be difficult to perform because
these children are frightened and experience consid-
erable pain. Approach the child slowly and carefully,
gaining the child’s confidence before beginning the
examination. This usually takes a few extra minutes,
but the time is well spent. First attempt to establish
which limb is involved before the examination be-
gins and also have an idea where in the limb the pain
is localized. The examiner begins by palpating the
uninvolved areas of the extremity after the rest of the
child has been examined. The final portion of the ex-
amination focuses on the area of involvement.

Children with acute hematogenous osteomyelitis
usually have swelling of the involved extremity. The
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swelling is localized to the area of the infection unless
the infection has spread to involve much of the soft
tissues of the extremity. Early in the course of the dis-
ease, the swelling is localized to the metaphysis of the
involved long bone, which is warm. The overlying
skin, however, is not red unless the bone involved is
subcutaneous or unless the infection has spread and a
subcutaneous abscess has developed.

Laboratory Data

It is important to obtain laboratory studies in every
child suspected of having osteomyelitis; however,
acute bone and joint infections are diagnosed by
clinical means, and laboratory studies are used
only as confirmatory evidence and never to make a
diagnosis.

A complete blood count and an erythrocyte sed-
imentation rate should be obtained, both of which
are usually elevated. In addition, the differential
count of the white blood cells frequently shift left.
Although these blood studies are usually abnormal
in children with acute hematogenous osteomyelitis,
never dismiss the diagnosis of acute hematogenous
osteomyelitis simply because the white blood cell
(WBC) count or the sedimentation rate is normal.
Neonates frequently have no signs of infection;
which makes the diagnosis of osteomyelitis more
difficult in them.

Radiograpbic Findings

Radiographs of the involved extremity should be
obtained; however, the bone changes that are char-
acteristic of osteomyelitis are not seen for at least 10
to 14 days after the onset of the infection. Soft tissue
swelling with loss of the normal soft tissue planes is
seen before bone changes become apparent. The ra-
diographic finding of soft tissue swelling, however,
simply confirms the findings of a good physical
exam that has established the existence of the
swelling and determined its location (Figure 5-2).
Magnetic resonance imaging (MRI) has not been
shown to be of greater benefit for the evaluation
of suspected osteomyelitis than have other more
conventional modalities, but in some instances
MRI may be useful in the evaluation. Gadolinium-
enhanced MRI has the advantage of excellent delin-
eation of fluid collections and soft tissue. It is,
therefore, helpful in identifying medullary edema
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FIGURE 5-2. Radiographs of a child with progressive radiographic changes as the result of
acute hematogenous osteomyelitis of the tibia. (A) AP radiographs of the tibia that demonstrate
soft tissue swelling with loss of the normal tissue planes. (B) Radiographs of the same leg taken
2 weeks after the one in A. Note the early mottled appearance of the tibia with a small amount
of periosteal new bone seen on the medial cortex of the tibia. (C) Five weeks after presentation
this AP radiograph of the tibia shows progressive destruction of the entire diaphysis and proxi-
mal metaphysis of the tibia. (Courtesy of Dr. R.H. Hensinger)

consistent with osteomyelitis in cases where the di-
agnosis is unclear and in identifying subperiosteal
or adjacent soft tissue abscess that may require
drainage. Additionally, MRI has been used to differ-
entiate osteomyelitis from acute medullary bone in-
farct in patients with sickle cell disease and systemic
lupus erythematosus. Cost and need for sedation in
young children are the main disadvantages of MRI
in comparison to other imaging techniques.

Bone Scan
Bone scanning has become a popular method for

the evaluation of children with suspected os-
teomyelitis. With the advent of technetium-99m

(**™Tc) bone scanning, the evaluation of the abnor-
mal bone in the child became possible. The low ra-
diation dose of this radioisotope and its affinity for
bone make it ideal for the evaluation of the skele-
ton. The *™Tc is taken up in areas of rapid bone for-
mation or in areas of increased blood flow. Thus,
one would expect that there would be increased up-
take of *™Tc in areas of acute hematogenous os-
teomyelitis, but this is not always the case. The bone
scan has been shown to have an accuracy rate as
low as 80% in patients with acute hematogenous os-
teomyelitis. In some children, especially those in
whom the infection is fulminant, the involved bone
may have become avascular by the time of the scan,
producing a cold scan. The reason for the cold scan
is the loss of the endosteal circulation as a result of



occlusion of the nutrient artery along with the loss
of the periosteal circulation resulting from the ele-
vation of the periosteum by a subperiosteal abscess.
This cold scan should alert one that the infection of
the bone demands immediate drainage.

The bone scan may be used to help confirm the
diagnosis of osteomyelitis much as one would use
the sedimentation rate or the WBC count; however,
treatment must never be delayed while awaiting the
results of a bone scan. It is important to note that
needle aspiration of a bone does not alter the bone
scan. Thus, bone aspiration itself will not cause a
bone scan to be positive.

Bone scanning may be helpful when the exact
localization of an acute infection is in doubt, such as
in infections of the spine or the pelvis. Bone scan-
ning may be of use in neonates, in whom multiple
sites of infection are common, and it may also be
helpful in the case of bone pain in children with
sickle cell disease, for whom the differential diagno-
sis of acute hematogenous osteomyelitis from acute
bone infarction is difficult.

Gallium scanning has been advocated by some
authors, because radioactive gallium localizes in
white blood cells and would seem to be more spe-
cific for osteomyelitis than is *™Tc. Gallium scan-
ning may be more specific than technetium
scanning, but it is not more sensitive. If a **™Tc scan
is negative, a gallium scan is likely to be negative
also. In addition, the gallium scan requires at least
24 to 36 hours for an adequate study. Some authors
have advocated the use of gallium scanning for the
differentiation of bone infarction from osteomyelitis
in patients with sickle cell disease.

MRI may help with the diagnosis of subpe-
riosteal or soft tissue abscess, especially if there is an
inadequate response to antibiotic therapy.

Bone Aspiration

Once a clinical diagnosis of acute hematogenous os-
teomyelitis is established, a bacteriologic diagnosis is
made by culturing the involved bone. Bone aspiration
is mandatory not only to establish an accurate bacteri-
ologic diagnosis but also to determine whether an ab-
scess is present. Aspiration of the bone should be
performed immediately after completion of the phys-
ical evaluation so that treatment may be started.

The bone should be aspirated at the point of
maximum swelling and pain, which is usually at
the metaphyseal end of a long bone. Use a large
bore needle such as a 16- or 18-gauge spinal needle
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with an inner stylet. The stylet is necessary to pre-
vent plugging the end of the needle with bone. The
needle is inserted just to the outer cortex of the
bone, and the subperiosteal space is aspirated. If an
abscess is encountered, the pus is cultured and a
Gram'’s stain is performed. In this instance, the di-
agnosis has been firmly established, and the need
for drainage of the abscess has been determined. If
no abscess is encountered, the needle is advanced
into the bone through the cortex, which can be ac-
complished with ease in the metaphysis. The needle
is gently twisted as it is advanced into the bone.
Once the needle is through the cortex and is in the
medullary cavity of the bone, the marrow is aspi-
rated. Usually one obtains only marrow, but this
must be cultured because almost invariably the cul-
tures are positive. If no pus is found, the infection is
in an early cellulitis stage (i.e., before an abscess has
developed). If an abscess is encountered, it should
be cultured and surgically drained.

In addition to obtaining cultures of the involved
bone, obtain cultures of any and all lesions that
could potentially have been the source of a bac-
teremia. Blood cultures should be obtained, too, but
they should not be relied on to make a bacterial di-
agnosis because only 50% of patients with acute
hematogenous osteomyelitis have positive blood
cultures. We have studied a large group of patients
with confirmed acute hematogenous osteomyelitis
to evaluate the rate and location of bacterial recov-
ery. We found that there were about 50% of blood
cultures positive as has previously been reported. In
addition, about 60% of the bone aspirations were
positive for bacteria. When we combined both bone
and blood culture the bacterial recovery rate was
70%, therefore, the likelihood of obtaining a bacteri-
ologic diagnosis is enhanced if cultures of all possi-
ble sources plus the blood have been obtained.
Isolating an etiologic organism for susceptibility
testing has become even more important in recent
years as rates of colonization and infection with
methicillin-resistant S. aureus (MRSA) continue to
rise in pediatric patients. MRSA is found not only in
patients with identifiable risk factors (i.e., health
care acquired), but also increasingly in those lacking
traditional risk factors (i.e., community acquired).

Treatment

To effectively treat acute hematogenous osteo-
myelitis, sufficient antibiotic must be delivered to
the site of the infection for an adequate period to
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sterilize the bone and eradicate the infection. Con-
troversy occasionally arises between pediatrician
and orthopaedist concerning the appropriate form
of treatment. The pediatrician may recommend
only parenteral antibiotic therapy, whereas the or-
thopaedic surgeon may recommend both surgical
drainage and antibiotic treatment. This contro-
versy will not arise if acute hematogenous os-
teomyelitis is considered an infectious disease
rather than either a surgical or a medical disease.
Principles of the treatment of infection then be-
come evident. It is well established that se-
questered abscesses require surgical drainage, but
areas of simple inflammation without abscess for-
mation respond to antibiotics alone. Therefore,
bone aspiration is important in determining the fu-
ture course of therapy for the child with an os-
teomyelitis. If an abscess is encountered either
under the periosteum or within the bone itself,
surgical drainage of the abscess is required. If no
abscess is found, antibiotics alone should suffice in
eradicating the infection, because treatment begins
during the cellulitis stage of the infection, before
the formation of an abscess.

Surgical drainage should also be considered
when the patient does not respond to appropriate
antibiotic therapy after a negative bone aspiration.
In that instance, an abscess may have developed
that requires drainage. If a child with acute
hematogenous osteomyelitis does not show symp-
tomatic improvement with decrease in swelling and
tenderness after 36 to 48 hours of appropriate an-
tibiotic treatment, the bone should be aspirated
again and surgical drainage considered. The fever
should also begin to decline, although it may re-
main elevated for several more days.

If surgical treatment is necessary, the bone in-
volved should be approached directly over the area
of involvement. A subperiosteal abscess should be
thoroughly drained and debrided. Whether or not
the bone should be opened is subject to debate. Some
authors think that if a subperiosteal abscess is found,
an intraosseous abscess is not likely because it would
have spontaneously drained itself into the subpe-
riosteal space through the porous metaphyseal cor-
tex. Conversely, if no abscess is found under the
periosteum, the intraosseous abscess will not have
drained itself into the subperiosteal space, and the
bone must be opened. Although we and others have
not found pus under pressure within the bone cortex
at the time of drainage of a subperiosteal abscess, it is
probably wise to drill the metaphyseal cortex to be
certain that no abscess is sequestered within the

bone. It is probably not necessary to widely open the
bone to curette it unless pus is discovered at the time
of drilling of the bone cortex.

Surgical treatment, if needed, should not create
more tissue damage than has already been created
by the infection itself. If pus escapes through the
metaphyseal cortex, the periosteum is elevated and
the periosteal blood supply is compromised, leav-
ing the bone cortex avascular. When draining an ab-
scess, do not elevate the periosteum more than it
has already been elevated, so as to avoid creating
further sequestration of the bone.

Once the abscess is adequately debrided, the
wound may be closed over a drain. It is not necessary
nor recommended to leave the wound open, unless
dealing with a chronic, long-standing osteomyelitis.
A suction drain or a Penrose drain may be used and
removed in 2 to 4 days. Closed suction-irrigation is
not necessary and introduces a significant risk of su-
perinfection with Gram-negative organisms.

Amntibiotics

Antibiotics are begun immediately after all cultures
are obtained, whether or not surgical drainage is nec-
essary. The initial choice of antibiotic is made on a
best-guess basis. At least 90% of the cases of acute
hematogenous osteomyelitis in otherwise normal
children are caused by coagulase-positive staphylo-
cocci. Thus, the antibiotic chosen should be one that
effectively treats this organism. For patients who are
not allergic to penicillin, a semisynthetic penicillin
that is B-lactamase resistant should be chosen. The
antibiotic of choice is either oxacillin or nafcillin. Me-
thicillin is also effective, but this antibiotic carries a
higher risk of interstitial nephritis than do the others.
These agents remain the most rapidly bactericidal
drugs for susceptible strains of staphylococci, have a
desirably narrow spectrum of activity, and demon-
strate a proven track record in the treatment of acute
osteomyelitis. In choosing nafcillin, be careful with
peripheral needle sites for the administration of the
drug IV, because nafcillin may cause significant
sloughing of the skin and subcutaneous tissues if
infiltration of the IV solution occurs (Table 5-2). Ce-
fazolin is an acceptable alternative, at a dosage of
150 mg/kg/24 hr, in place of the semisynthetic peni-
cillin. In patients with identifiable risk factors for
MRSA, empiric use of vancomycin should be con-
sidered while awaiting culture and susceptibility
data. In places where a significant percentage of
community-acquired staphylococcal isolates are
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TABLE 5-2.
Doses of Antibiotics Used in Osteomyelitis
Medication Daily Dose in mg/kg (adult maximum) Interval in Hours
Intravenous
Nafcillin or Oxacillin 150-200 (12 g) 6
Cefazolin 100-150 (6 g) 8
Clindamycin 40 2.7 g 6-8
Vancomycin 60 4g 6-8
Foot Puncture Wounds:
Ceftazidime 150 (6¢g) 8
Cefepime 150 4¢g) 8
Piperacillin 200-300 (18 g) 4-6
Ticarcillin (+/- Clavulanate) 200-300 (24 g 6
Tobramycin 5-7.5 (5 mg) 8
Oral
Dicloxacillin 100 2 g) 6
Cephalexin 150 49 6
Cefadroxil 50 29 12
Clindamycin 20 (1.8g) 6-8
Rifampin 20 (600 mg) 12
(not appropriate for
monotherapy)
Foot Puncture Wounds:
Ciprofloxacin 30 (1.5g) 12
(see text for comment on use in
children)

methicillin resistant, local susceptibility patterns of
such isolates should guide empiric antibiotic choice.
Clindamycin has generally been effective in treating
community-acquired MRSA infections in children,
including acute osteomyelitis, and this is a particu-
larly attractive option in patients who are allergic to
penicillin. Regardless of risk factors or local rates of
resistance, it is recommended that patients with life-
threatening infections likely to be staphylococcal be
treated empirically with both vancomycin and a
semisynthetic penicillin such as oxacillin or nafcillin.

The recommended dosage of oxacillin is 150
to 200 mg/kg administered in divided doses over
24 hours. The appropriate length of therapy has
been a subject of debate for many years. In the past,
children with acute hematogenous osteomyelitis
were treated for 6 weeks with IV antibiotics in the
hospital. It became apparent that this was excessive,
and a regimen of 3 weeks of IV antibiotics followed
by 3 weeks of oral therapy was adopted. Because
studies have shown that adequate blood levels of
antibiotic may be achieved with oral administra-
tion, the current mode of therapy involves a shorter
period of initial IV therapy, given a good response
by the patient, followed by oral therapy.

Combined IV and oral antibiotic therapy has now
become accepted as the standard treatment for acute
hematogenous osteomyelitis. This mode of therapy is

more complicated than the simple treatment of the
child with IV antibiotics for the entire course, because
it requires the complete cooperation of the family and
the child. In addition, the antibiotic must be ade-
quately absorbed from the gastrointestinal tract, pro-
viding sufficient blood levels of the drug.

The current regimen is to begin treatment of the
patient with IV antibiotics. If the patient responds
quickly to this form of therapy, consider switching
the child to oral antibiotics (Table 5-2). To do this, the
patient must meet certain requirements (Table 5-3).

Antistaphylococcal antibiotic therapy is started
while awaiting the culture results. Once the organ-
ism is identified, the antibiotic is adjusted if neces-
sary. It is important to retain the bacteria so that the
laboratory may test it against the antibiotic being
used to be certain that adequate blood levels can be
obtained. If the child responds quickly to the initial
therapy with IV antibiotics, consider beginning oral
therapy. The IV antibiotics are continued for at least
5 days, although some physicians prefer to treat
with IV antibiotics for a longer period before begin-
ning oral therapy. Oral therapy is begun 5 to 7 days
after the initiation of IV therapy if the child shows a
good clinical response to the initial treatment.

Oral therapy is begun in the hospital to be cer-
tain of compliance and patient tolerance of the drug.
If the patient is reliable, he or she may be discharged
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TABLE 5-3.
Contraindications to Oral Antibiotic Therapy

« Inability to swallow or retain the prescribed medicine

* Questionable or unreliable gastrointestinal absorption of antibiotics (e.g., short bowel syndrome, Crohn’s disease, neonates)

+ Inadequate response to intravenous therapy

+ Response to intravenous antibiotic for which there is no oral equivalent (e.g., vancomycin) and etiologic agent not established
« Infection with organism for which there is no effective and acceptable oral antibiotic (e.g., multidrug resistant staphylococci)
« Parents’ and patient’s strict compliance with prescribed oral regimen in doubt

from the hospital and followed as an outpatient once
all studies have been completed. Treatment should
continue for a total of 4 to 6 weeks, which includes
the time of IV and oral therapy combined (Table 5-3).

If there is adequate response to the IV therapy,
oral dicloxacillin may be started at a dosage of 100
mg/kg/24 hr. As an alternative, cephalexin may be
administered at a dosage of 150 mg/kg/24 hr. The
oral suspension form of dicloxacillin is not palat-
able, and parents may find it difficult to persuade
young children to swallow it. For that reason,
cephalexin may be preferred, as the oral suspension
of this antibiotic is more palatable. Cephalexin may
also be used as the IV drug, at a dosage of 150
mg/kg/24 hr, in place of the semisynthetic penicillin.
The oral dosage of clindamycin is 30 mg/kg/24 hr IV,
followed by 50 mg/kg/24 hr by mouth. This is partic-
ularly attractive in patients who are allergic to peni-
cillin. Clindamycin has excellent oral bioavailability,
but as with dicloxacillin, the oral suspension has an
unpleasant taste that may contribute to therapeutic
noncompliance

Unfortunately methicillin resistant S. aureus
(MRSA) has become a more common pathogen in
bone and joint infections in children. This organism
used to be thought of as hospital acquired, however,
community-acquired MRSA is now seen very fre-
quently. Accurate culture of bone and joint infec-
tions is necessary to document the organism because
of the prevalence of MRSA. Any child who does not
respond appropriately to adequate therapy should
be considered to have infection caused by MRSA.

For methicillin-resistant staphylococcal organ-
isms one should use vancomycin, 50 mg/kg/24 hr
IV, combined with rifampin, 15 mg/kg/24 hr orally
as covered earlier.

Neonatal Osteomyelitis

Osteomyelitis in the neonate is a different disease
from that seen in children because of the variety of
organisms involved, the frequency of multiple sites
of infection, and the presence of transphyseal vessels

until age 12 to 18 months, which leads to infection
on both sides of the physis. As a result, the infection
destroys the center of ossification of the epiphysis
and the physis itself, producing complete growth ar-
rest (Figure 5-3). This is most likely to occur in the
proximal femur, where the result is destruction of
the head of the femur. The infection frequently
spreads out of the involved epiphysis into the joint,
producing a septic arthritis.

Osteomyelitis in the neonate frequently pro-
duces fewer clinical and laboratory signs than in the
child. Although Staphylococcus may be the etiologic
agent of the osteomyelitis, Gram-negative organ-
isms and group B Streptococcus are also common;
therefore, antibiotics that cover all of the organisms
must be given while awaiting the results of cultures.
Neonates with acute hematogenous osteomyelitis
frequently have multiple sites of involvement—as
often as 40% of the time. Infants with multiple sites
of osteomyelitis are usually sick before the onset of

FIGURE 5-3. AP radiograph of the pelvis of a 1-year-old
girl who had an osteomyelitis of the proximal femur and a
septic arthritis of the hip as a neonate. These infections re-
sulted in destruction of the physis and the epiphysis.



the infection, and most have an umbilical catheter.
Infants with single sites of osteomyelitis have a
milder disease and are generally less ill than those
with multiple sites of infection.

Special Sites of Infection

Acute hematogenous osteomyelitis of the pelvis
may be difficult to diagnose, requiring a high index
of suspicion establish the correct diagnosis. Chil-
dren with acute infection of the pelvis often are ini-
tially thought to have infection of the hip joint
because the pain is frequently intense and often lim-
its motion of the hip joint. The correct diagnosis can
be established by performing a careful examination.
Carefully moving the hip joint usually demon-
strates a free, painless range of movement, whereas
palpation of the pelvis establishes the area of maxi-
mum tenderness. Septic arthritis of the sacroiliac
joint is also frequently confused with osteomyelitis
of the pelvis. In this disease, tests specific for pain in
the sacroiliac joint—such as the figure 4 test (one leg
is placed across on top of the other leg with the knee
bent to 90°, as in the number 4, and the pelvis is then
rocked using the crossed leg as a lever arm) and
pelvic compression—are positive. Plain radiographs
of the pelvis are normal in the early stages of
pelvic osteomyelitis and in septic arthritis of the
sacroiliac joint. Bone scintigraphy usually is posi-
tive. As in acute osteomyelitis of other bones, how-
ever, a certain percentage of these infections have
false-negative bone scans. Bacterial confirmation
of the diagnosis is established by bone aspiration.

An abscess may develop in patients with acute
hematogenous osteomyelitis of the pelvis. If this oc-
curs, surgical drainage of the abscess is necessary. A
child with acute hematogenous osteomyelitis of the
pelvis should be evaluated in the same manner as the
child with an infection of a long bone, with an appro-
priate history and physical examination. In addition,
laboratory data should be obtained. Bone aspiration
should also be performed, and antibiotics should be
started once all cultures have been obtained. Because
of the possibility of developing an intrapelvic abscess
that is not detectable either on physical examination
or through needle aspiration, CT or MRI scanning of
the pelvis should be performed. If an abscess is seen,
it should be drained through an appropriate surgical
approach and the child treated with antibiotics to
sterilize the bone (Figure 5-4).

Osteomyelitis of the spine in children and in-
fants is rare, but does occur. As in osteomyelitis in
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other locations, S. aureus is the most common cause
with a number of other organisms reported. Among
the others, Bartonella henselae seems to have some
predilection for infecting the vertebrae in an atypi-
cal manifestation of cat scratch disease. Also, Salmo-
nella spp. have been reported as a cause of vertebral
osteomyelitis in children without sickle cell disease.
A much more common presentation of infection of
the spinal column is the disc space infection, which
is discussed in the subacute hematogenous os-
teomyelitis section. The mean age of patients with
vertebral osteomyelitis is significantly higher than
those with disc space infection. The latter is more
commonly a disease of school-aged children (mean
of 7 to 8 years), whereas the mean age for disc
space infection is 2 to 3 years. True osteomyelitis of
the spine produces significant bone destruction.
Neonates with osteomyelitis of the spine develop
abnormalities of the spine that resemble congenital
defects.

Sickle Cell Disease

Acute hematogenous osteomyelitis in patients with
sickle cell disease differs from osteomyelitis in oth-
erwise normal patients. The two major differences
in the two forms of osteomyelitis are that the infec-
tion in patients with sickle cell disease is usually lo-
cated in the diaphysis of long bones rather than in
the metaphysis. In addition, the organism responsi-
ble for the infection is frequently salmonella, al-
though S. aureus is also common in patients with
sickle cell disease. The salmonella bacteria enter the
blood stream through microinfarcts in the gut lin-
ing, producing a bacteremia. The bacteria may then
produce bone infection at the site of an acute bone
infarction.

Patients with sickle cell disease and acute bone
pain present a difficult diagnostic problem, because
acute bone infarcts are painful and produce clinical
findings often identical to those of patients with os-
teomyelitis. Thus, it is frequently difficult to differ-
entiate between an area of acute bone infarction and
one of acute osteomyelitis. The infarction and the
infection are usually located in the diaphysis of a
long bone, and both are associated with severe pain
and restricted use of the involved extremity. Pa-
tients with acute osteomyelitis usually have a
higher and more persistent fever than those with in-
farction. The sedimentation rate and peripheral
WBC count may be elevated in both but are usually
higher in patients with infection.
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FIGURE 5-4. Eight-year-old boy with
osteomyelitis of the pubis and a pelvic ab-
scess. (A) AP radiograph of the pelvis of
this child demonstrating no bony abnor-
malities. (B) Technetium-99m bone scan
demonstrating increased uptake of the iso-
tope in the region of the right pubis. (C)
CT scan through the obturator region of
the pelvis demonstrating an abscess in the
obturator region of the right hemipelvis.



The diagnosis of acute osteomyelitis in these
children may be difficult. As mentioned earlier,
children with infection exhibit somewhat severer
clinical findings. Bone scanning maybe helpful in
these patients. Skaggs et al. (2001) have recently
shown that one may be able to differentiate bone
infarct from osteomyelitis with the use of both
bone marrow and bone scans. They found that if
the patient with bone pain has decreased uptake
on a bone marrow scan and abnormal bone scan at
the site of pain, the diagnosis of bone infarct could
accurately be confirmed. If, on the other hand,
there is normal uptake on bone marrow scan and
abnormal uptake on bone scan, the diagnosis is
suggestive of osteomyelitis. They also found that if
both the bone marrow and bone scans were nor-
mal, the diagnosis was neither bone infarct nor os-
teomyelitis. One study with a relatively small
number of patients, found gadolinium-enhanced
MRI useful in distinguishing between bone infarct
and osteomyelitis. Even with the findings on scan-
ning that suggest the diagnosis of osteomyelitis,
cultures of the patient’s stool culture of the bone
by bone aspiration should be performed to obtain
bacteriological diagnosis.

SUBACUTE HEMATOGENOUS
OSTEOMYELITIS

Subacute hematogenous osteomyelitis differs from
acute osteomyelitis in the severity of the clinical
signs. The systemic signs seen in patients with sub-
acute forms of the disease are either absent or much
less severe than those seen in patients with the
acute form of the disease. In addition, the location
of the subacute form of the disease may differ from
that seen with acute osteomyelitis (see Table 5-1).

Classification

Some authors have classified subacute osteomyelitis
according to the location and radiographic appear-
ance of the lesion. This, however, does not consider
the differences in clinical presentation of these dif-
ferent forms of subacute osteomyelitis. The classifi-
cation based on radiographic appearance was first
described by Gledhill and subsequently modified by
others. In this classification, the type 1 lesion is a
central metaphyseal lesion. The type 2 lesion is also
metaphyseal, but it is eccentrically placed with corti-
cal erosion present. The type 3 lesion is an abscess in
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the cortex of the diaphysis, and the type 4 lesion is a
medullary abscess in the diaphysis without cortical
destruction but with periosteal reaction present. The
type 5 lesion is primary epiphyseal osteomyelitis.
The type 6 lesion is a subacute infection that crosses
the physis (Figure 5-5).

This classification system excludes the suba-
cute osteomyelitis that begins in the metaphysis
and crosses the physis to involve the epiphysis.
Acute hematogenous osteomyelitis in the child
older than age 18 months rarely crosses the ph-
ysis; however, subacute osteomyelitis frequently
does. The lesion may be primarily metaphyseal
with only a small portion of the physis and epiph-
ysis involved (Figure 5-6). Conversely, much of
the physis may be involved (Figure 5-7). In the
neonate with acute hematogenous osteomyelitis
that crosses the physis to involve the epiphysis,
the physis is frequently destroyed as is the
growth center of the epiphysis (see Figure 5-3).
Conversely, the subacute infection that crosses
the physis rarely causes permanent damage to the
growth plate.

One may also subclassify subacute hematoge-
nous osteomyelitis into two types according to the
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FIGURE 5-5. Classification of subacute osteomyelitis type 1
is a central metaphyseal lesion. Type 2 is an eccentric metaphy-
seal lesion with erosion of cortex. Type 3 is a lesion of cortex of
diaphysis. The type 4 lesion of the diaphysis demonstrates pe-
riosteal new bone formation but without a definite bone le-
sion. Type 5 is primary subacute epiphyseal osteomyelitis, and
type 6 represents subacute osteomyelitis that crosses physis in-
volving both the metaphysis and epiphysis.
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FIGURE 5-6. AP radiograph of the distal tibia demonstrat-
ing an area of subacute osteomyelitis that involves the meta-
physis, physis, and the epiphysis.

rapidity of onset and severity of presenting symp-
toms. One type has a fairly acute presentation, and
children with this type of infection usually present
within a week or two of the onset of symptoms. Ra-
diographic changes may be present at the time of
presentation; however, the infection is usually dia-
physeal. This type of infection thus encompasses
types 3 and 4 of the Gledhill classification system.
This diaphyseal infection could easily be confused
with Ewing sarcoma, and a biopsy may be necessary
to exclude this diagnosis. Frequently, however, the
clinical and radiographic picture is characteristic
enough to make a presumptive diagnosis of infec-
tion. Children with this type of subacute infection
may have a fever, although it will not be as elevated
in acute hematogenous osteomyelitis. In addition,
children with this type of infection usually continue
to walk even if the femur, the most commonly in-
volved bone, is infected. They will, however, limp
and complain of pain. The peripheral WBC count
and the sedimentation rate may be elevated, al-
though the sedimentation rate is more commonly el-
evated (Figure 5-8). The second type of subacute
infection encompasses types 1, 2, 5, and 6. Children
with this type of infection have minimal symptoms,
but the complaints are frequently of longer duration.
There are no systemic signs, and the peripheral
WBC count and the sedimentation rate usually are
normal. Radiographic changes are present at the
time of presentation and may be described as a lu-
cency located anywhere within a bone.

FIGURE 5-7. AP and lateral radiographs of a dis-
tal radius of a child with subacute osteomyelitis
that crosses the physis. The AP radiograph
demonstrates that the lesion involves both the
metaphysis and the epiphysis. On the lateral radi-
ograph, significant erosion of the epiphysis is seen.
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FIGURE 5-8. Radiographs of 15-year-old boy
with subacute osteomyelitis of the femur. He
had a 1-month history of pain in the leg and a
limp. (A) AP radiograph of femur showing
bone destruction with periosteal reactive bone.
(B) Lateral radiograph demonstrating bone de-
struction. (C) CT section demonstrating the
destruction of the bone cortex with a se-
questrum within the cavity.
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Diagnosis and Treatment

The diagnosis in patients with subacute infection of
the diaphysis of a long bone is confirmed by bone
aspiration for bacterial culture. The cultures usually
are positive for S. aureus. The treatment of this dia-
physeal lesion depends on several factors. If the di-
agnosis is in question, open biopsy may be required,
at which time debridement is carried out if infection
is established. If a sequestrum is present, sequestrec-
tomy is required for eradication of the infection.
Most commonly, however, the patient presents with
minimal radiographic bone changes, and simple an-
tibiotic therapy alone usually results in eradication
of the infection, because no abscess is present.
Lesions of subacute osteomyelitis, of the meta-
physis and epiphysis, can usually be diagnosed as
subacute osteomyelitis radiographically; however, in
some instances the diagnosis is in question. When the
diagnosis is not clear radiographically, open biopsy is
required in making the diagnosis (Figure 5-9). In ad-
dition, because there is a radiographic lesion, an

i,
FIGURE 5-9. Oblique radiograph of the distal tibia of an
11-year-old girl with a 1-month history of pain, swelling,
and redness of the ankle. A metaphyseal lesion of the distal
tibia resembles subacute osteomyelitis; however, the biopsy
revealed that the lesion was an osteogenic sarcoma.

abscess has formed and debridement is usually re-
quired, although some authors have reported heal-
ing without debridement. Frequently no pus is
evident at exploration; however, one may find gran-
ulation tissue within the cavity that should be de-
brided. Cultures may be sterile, but Staphylococcus
aureus and Staphylococcus epidermidis are the most
common organisms. Some have suggested that de-
briding these lesions is not required. These lesions
will heal with adequate antibiotic treatment. It has
been recommended that patients be treated with an-
tibiotics for at least 4 weeks or until significant heal-
ing is seen radiographically (Cole 1982; Ezra et al.
2002). Therefore, if one is comfortable with the radi-
ographic diagnosis of subacute osteomyelitis, then
antibiotic treatment alone without biopsy is appro-
priate. If there is inadequate response, as judged by
the clinical course and radiographic healing, then
biopsy is required.

The treatment of subacute osteomyelitis should
be similar to that of acute osteomyelitis. Begin with
IV antibiotics and switch to oral antibiotics if there
are no contraindications. As mentioned earlier, de-
bridement is usually necessary for subacute os-
teomyelitis with a radiographic lesion or if a
sequestrum has formed or if the patient has not re-
sponded adequately to antibiotics.

CHRONIC RECURRENT MULTIFOCAL
OSTEOMYELITIS

Chronic osteomyelitis may be defined as os-
teomyelitis presenting with symptoms that have
been present for months or longer. Also included in
the diagnosis of chronic osteomyelitis is any recur-
rent osteomyelitis. This chapter does not deal with
the chronic osteomyelitis that results from a recur-
rence of a previously treated infection or from an
open wound such as an open fracture. The only ex-
ception is the special circumstance of nail puncture
wound infections of the foot, which are covered in
the next section.

The cause of chronic multifocal osteomyelitis is
unknown at the present time, but it is presumed to
be due to an infectious agent. The disease produces
vague bone pain in multiple sites. Frequently the
symptoms seem to be unilateral, despite the fact
that lesions occur bilaterally. Children with this dis-
ease usually do not exhibit systemic signs of infec-
tion such as an elevated temperature. Although the
peripheral WBC count is normal, the sedimentation
rate is frequently elevated.



Multiple lytic lesions that have little surround-
ing bone reaction and are generally located in the
metaphyses of the long bones are seen radiographi-
cally (Figure 5-10). The medial end of the clavicle
seems to be the bone that is most frequently in-
volved, followed by the distal tibia and then the dis-
tal femur.

Based on clinical and radiographic findings, an
infectious agent is thought to cause these lesions. The
histology of these lesions is typical of osteomyelitis;

FIGURE 5-10. Radiographs of an 8-year-old girl
with chronic multifocal osteomyelitis who had a
longer than 2-year history of multiple sites of bone
pain. (A) AP radiograph of the right wrist demon-
strating bone destruction of the metaphysis, physis,
and epiphysis. (B) AP radiograph of the left wrist
demonstrating bone destruction in the metaphysis
with periosteal reactive bone. (C) Radiographs of
the left ankle demonstrating metaphyseal and phy-
seal destruction of the distal fibula with periosteal
reactive bone.
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however, the agent responsible has not as yet been
identified with certainty. The treatment is sympto-
matic. The natural history of this disease usually in-
volves spontaneous resolution of the lesions and the
clinical signs and symptoms, which may take any-
where from 1 to 15 years.

Most authors have felt that this disease is an in-
flammatory disease that should be treated with non-
steroidal inflammatory drugs (NSAID). We have
cultured Mycoplasma from three patients with this
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disease and have subsequently treated all of our pa-
tients with antibiotics that would be useful for My-
coplasma. All of our patients responded dramatically
with resolution of their symptoms very shortly after
beginning therapy. In addition, the sedimentation
rate has shown a rapid decline to normal in all pa-
tients. As a result of these findings, we feel that this
disease is infectious, likely the result of Mycoplasma
infection, and believe that very long-term antibiotics
such as doxicycline or clindamycin is appropriate
for the treatment of this disease.

DISC SPACE INFECTION
Etiology

Controversy has arisen as to the cause of disc
space infections, resulting in the term diskitis. This
disease is usually regarded, however, as an os-
teomyelitis of the vertebral endplates that second-
arily invades the disc without producing an acute
osteomyelitis of the vertebral body. The organism
that produces the infection in children is usually
S. aureus, although other organisms are common
in older patients, especially drug abusers and in
debilitated patients.

Clinical Findings

Although disc space infection may occur at any age,
it is most common in younger children, who may
present with an inability to walk as the primary pre-
senting feature, although the most common com-
plaint is back pain. Unfortunately, in infants and
toddlers diagnosing back pain may be difficult.
Some children present with abdominal pain as the
primary complaint. Frequently, the infant is irritable
without other definite complaints.

The physical findings in these patients are char-
acteristic, and the diagnosis can usually be estab-
lished on the basis of the physical examination
alone. Because the disc space infection usually oc-
curs in the lumbar spine, the child splints the spine,
refusing to flex it. Although the child may be able to
bend at the waist, no flexion occurs in the spine it-
self. Some children are adept at compensating for
the pain and may function relatively normally. They
will, however, exhibit complete restriction of mo-
tion of the spine on examination.

This disease entity differs from osteomyelitis of
the spine in that there are usually few, if any, systemic

signs in patients with disc space infection. The pa-
tient’s body temperature is usually normal as is the
peripheral WBC count. The sedimentation rate is fre-
quently, although not invariably, elevated.

Radiograpbic Findings

The radiographic findings depend on the delay in
diagnosis. The disease characteristically produces
narrowing of the disc space with irregularity of the
adjacent vertebral endplates. This may be difficult
to see radiographically, especially in a young child
early in the course of the disease. Lateral tomogra-
phy of the involved area of the spine is helpful in
demonstrating the disc space and bone abnormal-
ity. These radiographs help eliminate the overlying
gas that frequently obscures the spine in the lum-
bar region.

Bone scanning has been a popular method of
diagnosing disc space infections. The bone scan
usually demonstrates an area of increased uptake
in the infected disc space, but some scans will be
false-negative. Therefore, the diagnosis of disc
space infection should not be excluded because of a
normal bone scan. MRI has been shown to be able
to accurately demonstrate an abnormal disc space,
and we have recently demonstrated that the MRI is
abnormal before the bone scan is positive and be-
fore radiographic changes are evident (Figure 5-11).

Diagnosis

The diagnosis of disc space infection is usually
made on clinical grounds because of the characteris-
tic physical findings. The clinical diagnosis is con-
firmed with radiographs that show the characteristic
disc space narrowing and erosion of the vertebral
endplates. Normally with a bone infection, a tissue
or bacteriologic confirmation of the diagnosis
would be necessary; however, because of the mor-
bidity of needle aspiration of the spine, this proce-
dure is usually not justified for the child exhibiting
the characteristic findings of a disc space infection.
The infecting organism is usually S. aureus. Aspira-
tion biopsy of the spine should be reserved for the
child who does not respond to initial treatment with
antistaphylococcal antibiotics. One should also per-
form a biopsy of the disc space when the disease is
unusual in any respect. If the infection involves an
older child such as a teenager, or if drug abuse is
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FIGURE 5-11. MRI of the spine demonstrating an abnormal L.4-L5 disc. Note the loss of height and
the change in the density of the disc. The bone scan, the plain radiographs, and the lateral tomograms
of this patient were normal. The lateral radiograph of the spine subsequently demonstrated the typi-

cal changes seen in disc space infections.

suspected, a biopsy should be performed because of
the possibility of a Gram-negative organism being
the etiologic agent.

Treatment

Some authors, in the past, have advocated the use
of spinal immobilization for children with disc
space infection. They have shown that many pa-
tients respond to immobilization alone and conse-
quently reserve antibiotics for the child who does
not respond to immobilization alone. Currently
most authors, however, favor the use of antibiotics
as for any other bone infection. These children
should, therefore, be started on oxacillin or cepha-
zolin in doses that would be used for osteomyelitis.
Treatment should be continued for 3 to 7 days with
IV antibiotics, followed by oral antibiotics for an-
other 4 weeks. The length of IV antibiotic therapy

is determined by the patient’s clinical response.
One may also wish to use the C-reactive protein
as a guide for treatment, because it falls more
quickly than does the sedimentation rate during
the treatment of osteomyelitis. We generally treat
these children with IV antibiotics for several days
only and then they are switched to oral antibiotics
that are continued on an outpatient basis for a
minimum of a total of 4 weeks of total antibiotic
therapy.

Immobilization of the spine has been a main-
stay of the treatment of disc space infection. How-
ever, most children with disc space infection
usually respond quickly to IV antibiotics. Therefore,
immobilization is used only in those patients who
do not exhibit a rapid and dramatic response to the
IV antibiotic treatment and need immobilization for
comfort. One should also immobilize children with
osteomyelitis of the spine because of the bony de-
struction that occurs.
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PSEUDOMONAS: INFECTIONS OF
THE FOOT FOLLOWING PUNCTURE
WOUNDS

Clinical Presentation

Puncture wounds of the foot are relatively common
injuries. The exact number of infectious complica-
tions of these injuries is not known, although rates
up to 15% have been reported. Although the major-
ity of infections are limited to the soft tissue, bone
and joint infections occur in approximately 2% of
puncture wounds of the foot.

The presentation of the infectious complications
of nail punctures is characteristic. Typically, the pa-
tient is a child with tennis shoes who steps on a nail,
sustaining a puncture of the foot that invariably either
enters a bone or joint or punctures the plantar fascia.
These children experience pain from the initial punc-
ture wound, but this pain usually diminishes quickly.
Children who develop a pseudomonal infection ex-
perience increasing pain in the foot 2 to 4 days after
the initial trauma. These symptoms worsen so that
within a day or so the child is not able to bear weight.

At presentation there is pain and swelling
about the area of the puncture wound and through-
out the area of the bone or joint infection, with
signs of inflammation, including redness of the
skin. Careful examination of the foot reveals pain
and tenderness on the dorsum of the foot over the
involved bone or joint.

Despite the fact that this is a foot infection, there
frequently are no or few systemic signs of infection.
The child’s temperature usually is normal, as is the
WBC count. Unfortunately, these findings have
prompted many to underestimate the seriousness of
this infection.

Treatment

The infection of the foot following puncture
wounds is almost always caused by Pseudomonas
aeruginosa, which has been grown from cultures
taken from within the sole of tennis shoes. This in-
fection requires thorough surgical debridement and
antibiotic treatment. Antibiotic coverage alone does
not eradicate the infection and only allows the in-
fection to destroy more tissue. Once the diagnosis is
made, a thorough debridement is performed. Prior
aspiration of the area of infection may be performed
but is not necessary because the signs and symp-
toms of this infection are so typical that culture of

the tissues at the time of debridement is sufficient.
However, do not give antibiotics until obtaining ad-
equate cultures of the area of infection. Superficial
cultures from the area of the puncture wound are
not sufficient; it is necessary to obtain cultures from
the bone or joint involved. P. aeruginosa rarely pro-
duces the thick pus typical of other infections.
Rather, one finds a thin, watery, serosanguineous
fluid typical of early P. aeruginosa infections.

The surgical approach to the area of infection
depends on the area of involvement. If one is deal-
ing with a septic arthritis of the metacarpopha-
langeal joint, the joint may be drained through a
dorsal incision rather than through the puncture
wound itself. If infection exists only within the sole
of the foot under the plantar fascia, a plantar inci-
sion is necessary. If one of the bones of the foot is ex-
tensively infected, debridement may be required,
using both dorsal and plantar incisions.

After thorough debridement and culture, IV an-
tibiotics are required. Because the involved organism
is usually P. aeruginosa, empiric antibiotics should
have antipseudomonal activity. Additionally, the
presence of cellulitis suggests infection with Gram-
positive organisms (often in addition to P. aeruginosa)
and should prompt empiric coverage that includes
S. aureus. Local resistance rates of P. aeruginosa and
S. aureus should dictate the empiric choice of antibi-
otics. For a bone infection alone, cefepime, cef-
tazidime, piperacillin, ticarcillin, or tobramycin are
reasonable choices as single agents for empiric an-
tipseudomonal therapy. If cellulitis accompanies the
osteochondritis, the addition of an antistaphylococ-
cal penicillin (i.e., nafcillin or oxacillin) to ceftazidime
or tobramycin or the addition of a B-lactamase in-
hibitor to one of the antipseudomonal penicillins
(i.e., piperacillin/tazobactam or ticarcillin/clavu-
lanate) is warranted on an empiric basis. Cefepime
has activity against both S. aureus and P. aeruginosa
that is adequate for empiric therapy. If rates of methi-
cillin resistance are high among local S. aureus iso-
lates, the use of vancomycin for staphylococcal
coverage may be warranted on an empiric basis. An-
tibiotic susceptibility data from the cultures collected
during debridement should guide definitive antibi-
otic therapy.

The length of treatment depends on the patient’s
response, the extent of the infection, and the thor-
oughness of the debridement. The sedimentation
rate may be used as a guide to the length of therapy,
with the recommendation that antibiotics be discon-
tinued when the sedimentation rate falls to normal.
In general, the more thorough the debridement, the



shorter the length of antibiotic treatment necessary.
However, the largest available study in children sug-
gests that an intravenous antibiotic course of 7 days
following thorough surgical debridement is effective.
In adult patients, a small study demonstrated the
efficacy of oral ciprofloxacin for 7 to 14 days after
surgery for pseudomonal osteomyelitis or septic
arthritis of the foot. The use of fluoroquinolones in
pediatric patients remains controversial. Due to
cartilage damage in multiple juvenile animal mod-
els with therapeutic doses, fluoroquinolones are
generally contraindicated, according to their FDA-
approved labeling. There is not a single report of
ciprofloxacin causing arthropathy in children, and
the American Academy of Pediatrics Committee on
Infectious Diseases states that the use of oral
ciprofloxacin can be justified in certain cases. One
such situation is when no other oral agent is avail-
able, necessitating an alternative drug be given par-
enterally. After the risks and benefits are explained to
the parents, oral ciprofloxacin can be considered for
pseudomonal osteomyelitis when the patient is well
enough to be discharged from the hospital.

The sequelae of this infection depend on the in-
terval between the puncture wound and the onset
of appropriate treatment. The longer the delay be-
fore debridement of the foot and the commence-
ment of aminoglycoside therapy, the worse the
sequelae. To minimize sequelae, it is important to
quickly establish the correct diagnosis and to per-
form the surgical debridement.

SEPTIC ARTHRITIS
Pathogenesis

Acute septic arthritis is a relatively uncommon dis-
ease. It may be associated with acute osteomyelitis,
especially in the proximal femur, where bacteria es-
cape the cortex of the metaphysis and invade the
adjacent joint, producing a joint infection. In other
cases, the joint infection is simply the result of
hematogenous infection of the synovium or syn-
ovial fluid without prior bone infection. This iso-
lated joint infection may be treated differently from
the bone infection, which requires longer antibiotic
therapy because of the possible presence of necrotic
bone within the area of the infection. With a pure
septic arthritis, bone sequestration does not occur.
In addition, antibiotics are delivered across the syn-
ovium into the joint in high concentrations.
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Organisms

Different organisms prevail as the most common in-
fecting organisms depending on the age of the pa-
tient. S. aureus is the most common organism over
all age groups. In the neonate, as we have seen in
bone infections, group B Streptococcus is common, as
are Gram-negative organisms. In the child between
the age of 6 months to 5 years, type B H. influenzae
was common, and in some series was the most com-
mon agent in septic arthritis in this age group; how-
ever, we have shown that since the advent of the H.
Flu vaccine, the incidence of H. Flu septic arthritis
has declined to near zero. In the older child S. au-
reus is the most common organism. Recently joint
infections caused by Kingella kingae have been diag-
nosed relatively commonly, and in one recent report
this organism has been seen more frequently than
staph. This organism is present in the nasopharynx
of normal children and may spread to produce joint
infections via the bloodstream. In the teenager,
however, Neisseria gonorrhoeae is common and may
be the most common cause of septic arthritis. It is
certainly the most common cause of polyarthritis in
that age group.

Diagnosis

Children with septic arthritis usually exhibit all the
clinical signs of sepsis, with elevated temperature,
malaise, and local signs of inflammation. The ex-
ception is seen in children with acute septic arthritis
secondary to Kingella kingae who frequently are not
febrile at the time of diagnosis and may not have all
of the signs of hip sepsis. The onset of septic arthri-
tis is frequently more acute than is the onset of os-
teomyelitis. The child, especially the neonate, may
present with pseudoparalysis of the extremity. The
older child will protect the extremity, and if a joint
of the lower extremity is involved, the child will
usually refuse to walk.

The physical examination reveals an irritable
child with a painful joint. Few other diseases pro-
duce such exquisite joint pain. The differential diag-
nosis includes acute rheumatic fever or acute
juvenile arthritis, both of which may produce acute
joint inflammation that is as painful as that produced
by septic arthritis. In both of these diseases, the joint
effusion also is significant, and the WBC count in the
synovial fluid may occasionally be as high as
100,000 cells. The diagnosis usually can be made
by other laboratory means, although the diagnosis
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occasionally is made retrospectively after treating a
child for an infection.

Inspection of the child reveals a warm and
painful joint with an effusion. The child will resist
movement, splinting the joint in the position of
greatest comfort. Laboratory data may be helpful.
The peripheral WBC count is usually elevated, as is
the sedimentation rate, although the diagnosis of
septic arthritis should not be excluded simply on
the basis of normal values for these two studies. Ra-
diographs may demonstrate the joint swelling, al-
though they are of little benefit early in the course of
the disease except to exclude other problems.

Joint aspiration is mandatory for fluid analysis
and culture of the synovial fluid. The joint fluid
should be inspected visually. The fluid in patients
with an infection of the joint varies in color from
cloudy yellow to creamy white or gray, especially if
the infection has been present for a period or if the
organism is particularly virulent. Thus, the earlier
the infection is diagnosed and the joint aspirated,
the clearer the fluid. The fluid should be analyzed
for cell count with a differential count of the WBCs.
In most septic joints, the WBC count is greater than
50,000, and usually greater than 100,000. The one
exception is in gonococcal arthritis, in which the
WBC count is frequently lower than 50,000 cells.
The differential count of polymorphonuclear leuko-
cytes demonstrates that they constitute over 90%,
and usually over 95%, of the total WBCs in the fluid.

A Gram'’s stain and culture of the synovial fluid
is obviously important and provides the basis for
the definitive diagnosis of septic arthritis. The fluid
should be transported immediately to the laboratory
and plated on the appropriate medium. Laboratory
personnel must be informed that the fluid is from a
joint and should also know what the physician sus-
pects, which enables the technician to perform the
appropriate cultures. Some special circumstances re-
quire special techniques for organism retrieval. H.
influenzae is difficult to culture, and the plates must
be incubated under a carbon dioxide environment.
Kingella kingae is fastidious organism, and its recov-
ery in the microbiology laboratory is increased sig-
nificantly by direct inoculation of synovial fluid into
automated blood culture system bottles. Despite
meticulous culture techniques, a percentage of sep-
tic joints yield negative cultures. In some series, the
percentage of organism retrieval was only 70%.
Therefore, blood cultures should also be performed.
Despite this, the diagnosis of septic arthritis may
have to be made on clinical grounds in some pa-
tients because of negative bacterial cultures.

Because of the possibility of negative joint
fluid cultures, one should also perform glucose de-
termination on the joint fluid. In addition, lactic
acid determination of the joint fluid and counter
immunoelectrophoresis may be helpful for the de-
tection of H. influenzae.

Treatment

The principles of treatment of septic arthritis do not
differ from those of the treatment of infections in
other areas of the body. The infection should be con-
sidered an abscess that requires drainage. In addition,
the infection requires appropriate antibiotic therapy
to sterilize the joint. The joint infection differs from
other infections, in that it occurs in a closed space
with easy access for needle aspiration and irrigation.
In addition, antibiotics readily cross the synovial bar-
rier and are concentrated in the synovial fluid.

Thorough debridement of the joint is required
to completely eradicate the infection of the joint. In
some instances, eradication may be accomplished
with aspiration and irrigation of the joint without
surgical debridement. Most reports of aspiration
and irrigation technique of joint debridement of in-
fection have reported good results. The require-
ments for this technique are specific. The major
contraindication to aspiration irrigation technique
for the treatment of joint infections is the hip joint
being the site of infection. This joint must always be
surgically drained in the face of an acute infection
because the vascular supply of the hip joint is intra-
capsular, and therefore these vessels are easily oblit-
erated if the pressure within the hip joint is
elevated. In the case of acute septic arthritis of the
hip joint, the joint must be surgically drained as an
emergency. Recently, articles have been published
that document satisfactory medical treatment of
septic arthritis of the hip without surgical drainage.
They state that the diagnosis must be made very
early in the course of the disease and that there
should be immediate response to treatment. They
do make the diagnosis of septic arthritis of the hip
with joint aspiration and then begin antibiotic treat-
ment. It is probably safer to conservatively surgi-
cally drain the septic hip until adequate literature
confirms the efficacy and safety of medical-only
treatment.

The technique of aspiration irrigation of infected
joints requires that the joint be easily accessible for as-
piration. Because of its accessibility, the knee joint is
most frequently treated with this technique. The ankle



joint is also relatively accessible. The other joints of the
body are less accessible and therefore more difficult to
adequately debride through a needle.

Joint aspiration must be performed sterilely with
the use of a large-bore needle. The fluid is fully
drained from the joint and sent for appropriate stud-
ies. Without removing the needle, the joint is irrigated
with sterile IV saline until the fluid that is returned is
clear. The joint should be splinted, and the patient
started on antibiotics while awaiting the culture re-
sults. If the WBC count of the fluid is low (i.e., below
80,000 to 100,000), and there is no particulate matter
in the aspirate, this aspiration-irrigation may be the
only mechanical treatment needed. The joint should
be inspected the following day, and if the fluid has
reaccumulated, a second aspiration-irrigation should
be performed. If the reaccumulation of fluid is signifi-
cant, and if the patient is still febrile, consider per-
forming surgical drainage. If, in addition, the WBC
count of the aspirated fluid is not significantly lower
on the second day than that seen in the initial aspi-
rate, surgical debridement should be strongly consid-
ered. If a second aspiration is performed and the fluid
reaccumulates significantly on the third day, surgical
drainage should be performed. Parenteral antibiotics
enter the inflamed joint so readily that there is no
need for direct joint instillation of antibiotics.

Initial arthrotomy of the joint should be per-
formed when the fluid is thick (i.e., with a WBC
count over 100,000), and when particulate matter is
seen in the aspirate. This particulate matter is pre-
cipitated fibrin that must be removed to eradicate
the infection. The arthrotomy of the knee joint
should be performed through a small lateral parap-
atellar incision that allows inspection of the joint. A
medial parapatellar incision is not performed be-
cause release of the medial retinaculum might lead
to patellar subluxation. The joint may be closed over
a small drain such as a Penrose drain. Suction
drainage may be used; however, a suction-irrigation
system should not be employed because of the pos-
sibility of superinfection with Gram-negative organ-
isms. Arthroscopy has become a popular tool for the
inspection of the joint and has been proposed for the
debridement of the infected joint. Proponents state
that one can effectively debride the joint and that the
fibrinous material may be removed with the de-
bridement tools available to the arthroscopist.

IV antibiotics should be started immediately
after the joint fluid and blood have been cultured
and the other studies such as Gram'’s staining and
WBC count have been performed. The diagnosis
may have to be confirmed on a presumptive basis;
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however, it is important to begin treatment as long
as the criteria for making the diagnosis of septic
arthritis have been met. In all age groups, most
acute septic arthritis is caused by S. aureus. In chil-
dren 6 months to 5 years, H. influenzae is a common
cause in unvaccinated children. In the neonate,
group B Streptococcus and Gram-negative organ-
isms are common etiologic organisms. While await-
ing the culture results, appropriate antibiotics
should be started to cover the most likely organ-
isms. Because S. aureus is ubiquitous, all acute septic
joints are treated initially with an antistaphylococ-
cal drug. The antibiotics are then modified when
the culture and sensitivity results are known.

The dosages of the antibiotics are the same as
for the patient with acute hematogenous os-
teomyelitis. The duration of antibiotic treatment,
however, is not as long as in osteomyelitis because
antibiotics reach the infected joint readily and in
high concentration. In addition, one does not have
to deal with necrotic bone in a septic arthritis as in a
patient with osteomyelitis. Treatment of the septic
joint should be started with IV antibiotics for 3 to
5 days. The patient may then be switched to oral an-
tibiotics if the patient responded well to the treat-
ment, which should include no fever for 24 hours
and excellent clinical response. The total length of
treatment is generally 2 to 4 weeks.

Hip Foint

An infection of the hip joint must be treated as an
emergency because of the potential for the develop-
ment of avascular necrosis of the femoral head. The
initial evaluation of the hip joint is performed in the
same manner used for any other joint. However, be-
cause the hip joint is deep and may be difficult to
aspirate accurately, it must be aspirated using fluo-
roscopy. The needle may be directed from the ante-
rior or medial approach. The anterior approach is
used if the child is able to extend the hip. If, because
of pain, the hip is in a position of abduction, flexion,
and external rotation, a medial approach to the hip
is easier. The exact needle entry point through the
skin is easily determined by placing the needle on
the skin and positioning the needle point using flu-
oroscopy. After skin penetration, the needle is di-
rected toward the femoral neck at about the level of
the junction of the head and the neck. If no fluid is
collected from the joint, contrast medium is injected
into the joint and an arthrogram obtained, which
will reveal whether the hip joint has been entered.
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Once the diagnosis of septic arthritis of the hip
joint has been confirmed, the joint must be surgically
drained as mentioned earlier. However, recent arti-
cles have documented excellent response to medical
therapy alone in children with acute septic arthritis
of the hip. These reports require critical evaluating
before making a decision about the need for surgical
drainage based on multiple factors. One need not
await culture reports before draining the infected
hip. Strong presumptive evidence is sufficient.
Therefore, a positive Gram’s stain or WBC count of
the joint fluid of more than 90,000 to 100,000 cells is
sufficient evidence if seen in combination with the
characteristic history and physical findings.

The hip joint should never be treated with aspira-
tion and irrigation because of the danger of avascular
necrosis developing as a result of increased joint fluid
pressure from the infection. The hip may be drained
from either an anterior or a posterior approach. Each
approach has its proponents. The posterior approach
is generally easier and less damaging to the muscles
of the hip. In addition, it allows for dependent
drainage. If the femoral neck must be opened because
of an intraosseous abscess, this cannot be performed

posteriorly because the blood supply to the femoral
head would be damaged. Thus, if the femoral neck
should be windowed, the hip should be approached
anteriorly. This approach allows one to drill the
femoral neck in every patient (Figure 5-12). It is wise
to always drain the infected hip joint from an anterior
approach. This method allows easy access to the
femoral neck for drilling if necessary.

The joint should be immobilized for several
days to allow for a decrease in the acute inflamma-
tion. The hip may be placed in split Russell traction
and the other joints splinted. Once the acute inflam-
mation has subsided, motion should be instituted.
Continuous passive motion has been advocated,
and it may be used in children of adequate size.
Joint motion helps prevent fibrosis and assists in
cartilage nutrition.

Sacroiliac Joint
Septic arthritis of the sacroiliac joint is somewhat

unusual because of its symptomatology and treat-
ment, and therefore deserves separate discussion.

FIGURE 5-12. A 14-year-old boy with septic arthritis of his left hip. (A) AP radiograph of the left hip
at the time of presentation. The hip was drained posteriorly, but the femoral neck was not drained.
(B) AP radiograph of the left hip taken 6 weeks later demonstrating chondrolysis, avascular necrosis of the
femoral head, and chronic osteomyelitis of the femoral neck with sequestrum within the femoral neck.



Sacroiliac (SI) joint infection may be difficult to di-
agnose unless one is familiar with its signs and
symptoms and considers it in patients with pain
about the pelvis and hip. Frequently, children with
this disease are referred with abdominal or hip
pain. Occasionally, they may be thought to have
back pain. A careful history and examination, how-
ever, reveal that the pain is localized to the posterior
pelvis. Pelvic compression is positive and usually
produces exquisite pain in the region of the SI joint.
The figure 4 test or Fabre test produces exquisite
pain in the region of the SI joint.

The child usually is febrile, with signs of a sys-
temic infection. The initial radiographs of the pelvis
are usually normal, although tomograms of the SI
joint may show some erosion of the margins of the
joint if the infection has remained untreated for a
sufficiently long period. Usually, however, all radi-
ographs are normal. The *™Tc bone scanning may
be positive; however, false-negative bone scans are
seen in 25% or more of patients with acute infec-
tions. The diagnosis, therefore, depends on a careful
history and examination, combined with confirma-
tory laboratory studies.

As in any other infection, joint aspiration is
necessary to determine the bacteriologic cause of
the infection; however, the SI joint is difficult to as-
pirate. Several descriptions of SI joint aspiration
technique have been published, but even with this
assistance the technique is demanding. Children
with SI joint infection experience considerable pain
and are usually distraught, making aspiration even
more difficult. The SI joint is best aspirated using
an approach with CT assistance. This approach al-
lows for direct access to the joint. In our experience,
little if any material is aspirated, however, what-
ever is obtained is submitted for Gram’s stain and
culture. Appropriate antibiotics are immediately
begun while awaiting culture results. The infecting
organism seen most commonly in non-drug-abus-
ing children is S. aureus. Surgical drainage is not re-
quired unless the infection does not respond to IV
antibiotics.

Gonococcal Arthritis

Septic arthritis secondary to infection with N. gonor-
rhoeae is probably the most common form of septic
arthritis in the sexually active population. The typi-
cal syndrome of disseminated gonococcal infection
frequently consists of three stages, although all pa-
tients with gonococcal septic arthritis do not go
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through all of these stages. The first stage is a septic
stage that is similar to a septicemia caused by any
other bacteria. The second stage is a transition stage,
and the final stage is the septic joint stage. Eighty
percent of patients with gonococcal arthritis com-
plain of a migratory polyarthralgia, which is most
commonly seen on the dorsum of the hands, wrists,
ankles, and feet. This history is so characteristic that
the diagnosis of gonococcal arthritis may be made
on the basis of the history of migratory polyarthral-
gia combined with the typical joint findings.

About 60% of patients with gonococcal arthritis
have more than one involved joint. The joints of the
upper extremity, especially those of the fingers and
wrist, are more commonly involved than are the
joints of the lower extremity.

Joint aspiration is mandatory for culture and
fluid analysis. Typically, the WBC count of the fluid
is much lower than one would see in the fluid of a
joint infected with another organism. In a series of
teenagers with gonococcal arthritis, the average
WBC of the synovial fluid was 48,000, with a range
of 3,800 to 152,000. The organism is difficult to cul-
ture in the laboratory, and joint fluid cultures of sep-
tic joints are positive only half of the time. Therefore,
it is necessary to culture all orifices in patients sus-
pected of having gonococcal arthritis. Additionally,
it is imperative that all patients with gonococcal in-
fections be tested for other sexually transmitted in-
fections (syphilis, hepatitis B, HIV) and treated
presumptively for Chlamydia trachomatis.

Surgical drainage of the infected joints is usually
not required because the organism is so easily eradi-
cated with appropriate antibiotic therapy. In addi-
tion, the organism usually does not destroy the
involved joint until late in the course of an infection;
therefore, if an infection is treated promptly, no joint
destruction should be expected. Penicillin and tetra-
cycline resistance among N. gonorrhoeae isolates from
the United States is common; therefore, penicillin is
no longer an appropriate empiric choice for sus-
pected gonococcal infection. In treating patients with
gonococcal arthritis, one should follow the Centers
for Disease Control and Prevention recommenda-
tions, which are to treat with ceftriaxone 50 mg/kg
(up to 1g) as a single IV or IM dose for 7 days. Op-
tions for the cephalosporin allergic patient or in cases
of proven cephalosporin resistant gonnococcal infec-
tion are spectinomycin or a fluoroquinolone, such as
ciprofloxacin. Consider using a fluoroquinolone in
patients under the age of 18 as discussed above in the
section “Pseudomonas: Infections of the Foot Follow-
ing Puncture Wounds.” Presumptive treatment for
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concomitant C. trachomatis infection is a single oral
dose of azithromycin 20 mg/kg (up to 1g). Addition-
ally, evaluation and treatment of the patient’s sexual
partners is important in preventing reinfection.
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The Normal Synovium
Robert F. Ashman

Characteristics of Normal Synovial Fluid

The structure of the synovium, or synovial membrane
is discussed in Chapter 2.

Synovial fluid is a plasma transudate from syn-
ovial capillaries, modified by the secretory activities
of the type B synovial lining cells. They secrete the
hyaluronic acid-protein complex (mucin) that gives
synovial fluid its viscosity and lubricating properties.
Glucose and electrolytes are in equilibrium between
synovial fluid and serum. The nutrition of hyaline
cartilage depends on synovial fluid exchanged by dif-
fusion plus compression and decompression of the
cartilage during motion and weight bearing.

Normal fluid is clear, pale yellow, and suffi-
ciently viscous that droplets expelled from a needle
tip fall in a long string. Normal synovial fluid does
not clot because it lacks fibrinogen. The normal vol-
ume of fluid in the largest synovial cavity, the knee,
is 0.2 to 4 mL. Thus, aspiration of the normal joint
may yield only enough fluid to wet the needle.

Laboratory analysis of normal fluid shows (1)
sterile culture; (2) less than 100 leukocytes per cubic
millimeter, mostly lymphocytes and monocytes; (3)
specific gravity of 1.008 to 1.015; (4) protein content
of 20 to 200 mg/mL, with an albumin/globulin
ratio of 1.5:1; (5) mucin content that varies widely
and is the main determinant of the high viscosity;
(6) glucose that is normally more than 75% of the
concentration in serum; and (7) no crystals.

Examination of Synovial Fluid

Aspiration of synovial fluid is a helpful diagnostic
maneuver whenever the cause of arthritis is in
doubt but especially when the inflammation is con-
centrated in a single joint or has an acute onset. Rul-
ing out infection or crystal deposition as a cause of
arthritis is the strongest indication for synovial fluid
analysis because the treatment of these disorders is
substantially different from that of other causes of
joint inflammation. In the case of bacterial infection,
the results of misdiagnosis can be catastrophic.
Routine analysis of synovial fluid includes (1)
inspection for color, transparency, and viscosity;

(2) cell count; (3) crystal examination; (4) bacterial
culture; and, if bacterial infection is suspected clin-
ically, (5) Gram’s stain. Samples for both cell count
and crystals can be collected in sodium heparin
(green-top) tubes. All of these tests are most reli-
able when performed on fresh specimens. Culture
of the fastidious gonococcus requires employing
specialized culture techniques within a few min-
utes of collection.

Additional tests sometimes performed, which add
little to the above information, include glucose, pro-
tein, and complement levels.

Crystal Examination

Crystal examination is the only known means of
making the diagnosis of gout, pseudogout, and
basic calcium phosphate (BCP) crystal disease. Ex-
amination of fresh synovial fluid on a polarizing
microscope with a first-order red compensating
filter permits the recognition of birefringence in
addition to crystal morphology. Sodium urate crys-
tals are thin, pointed, and strongly negatively bire-
fringent (yellow if their axis is parallel to that of
the compensator). Calcium pyrophosphate dihydrate
(CPPD) crystals are short, thick, and weakly posi-
tively birefringent. Diagnosis is more certain if
crystals are seen within phagocytes. BCP (includ-
ing hydroxyapatite) crystals may sometimes be
identified under ordinary light microscopy as
small, chunky Alizarin red-staining crystals in
clumps.

Crystal artifacts occasionally encountered in-
clude steroid crystals (flat parallelograms occur-
ring in joints recently injected with depot steroid
preparations).

Table 6-1 summarizes the results of synovial
fluid analysis, with usual diagnostic implications.
Typical cell counts and fluid characteristics over-
lap among the classifications, and only in the case
of a positive crystal examination or culture can a
definitive diagnosis be made from fluid alone. Be-
cause septic joints (especially if partially treated)
may have low leukocyte counts, culture should be
performed regardless of the fluid’s appearance.
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TABLE 6-1.
Results of Synovial Fluid Analysis
Group Appearance Cell Count/pL Neutrophils (%) Typical Diagnosis
Normal Clear, colorless to straw <100 <25 None
colored, good string,
low volume
I (Noninflammatory) Clear, straw colored, 200-2,000 <25 Degenerative arthritis,
good string internal derangement,
trauma, aseptic
necrosis
ITA (Mild inflammatory) Faintly cloudy, 1,000-10,000 25-50 Systemic lupus erythematosus
moderate string and other immune complex
arthritides, mild
rheumatoid arthritis,
spondyloarthropathies
IIB (Severe inflammatory) Translucent but cloudy, 2,000-75,000 50-75 Moderate to severe
yellow, drops like rheumatoid arthritis,
water gout, pseudogout,
tuberculosis
III (Septic) Creamy, opaque, >50,000 > 80 Acute gout, bacterial infection
poor string

Furthermore, more than one diagnosis may be pres-
ent, as in the gout patient with a septic joint.

A frankly bloody fluid may mean tumor,
trauma, or hemophilia. A dark brown fluid full of
hemosiderin is seen in hemophilia and pigmented
villonodular synovitis. Fat floating on a bloody fluid
indicates fracture or tumor exposing the marrow
cavity to the synovial space. Floating fragments re-
sembling ground pepper represent pigmented carti-
lage fragments in ochronosis. Small white clots
(“rice bodies”) represent fibrin bits seen in some in-
flammatory fluids. Phagocytic mononuclear cells
with vacuoles may appear in rheumatoid arthritis
(RA) and in reactive arthritis.

Synovial Biopsy

The indications for synovial biopsy are rare, be-
cause fluid analysis, direct visualization by arthro-
scopy, or arthrography usually provides most of the
information required for diagnosis. The suspicion
of tumor, pigmented villonodular synovitis, tuber-
culous or fungal arthritis, sarcoidosis, amyloidosis,
or synovial chondromatosis may be confirmed by
synovial biopsy.

Biopsy is most commonly obtained by arthro-
scopy. Biopsy tissue is usually formalin fixed for

hematoxylin and eosin staining, but preservation of
urate crystals requires absolute ethanol, and cultures
require unfixed sterile samples. The yield of positive
cultures from synovium in tuberculous and fungal
arthritis is superior to that of fluid cultures. Other
special staining procedures include iron stains for
hemosiderin in pigmented villonodular synovitis or
hemochromatosis and Congo red stains for amyloid.

Histologic findings of diagnostic import include
the cartilage metaplasia of synovial chondromatosis,
malignant synovial sarcoma and chondrosarcoma,
metastatic tumors or leukemias, caseating granu-
lomas (tuberculosis), noncaseating granulomas
(sarcoidosis), the histiocytes and giant cells of
multicentric reticulohistiocytosis, and the periodic
acid Schiff-positive macrophages of Whipple dis-
ease. Of course, inflammation is a far more com-
mon finding, but unfortunately, the histology of
inflamed synovium is similar in the major rheu-
matic diseases. Early in inflammatory arthritis,
the synovial lining cells accumulate, capillaries
proliferate, and then mononuclear cells (mostly
monocytes and T lymphocytes) infiltrate the tis-
sue. Finally, in the chronic phase, complete germi-
nal centers resembling those of lymph nodes may
appear. The exuberant thickening of this hypercel-
lular synovium resembles granulation tissue and
forms long villous fronds.
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Osteoarthritis
Rebecca S. Tuetken

Pathogenesis and Clinical Manifestations

Osteoarthritis (OA), the most common joint disease,
is age related, affecting more than 80% of people
over the age of 55. It is more common in women,
especially after menopause. OA in weight-bearing
joints is strongly linked to body mass index. As life
expectancy increases, and the rate of obesity reaches
epidemic proportions, it is no surprise that OA is in-
creasingly common. OA pathogenesis involves an
imbalance between normal cartilage degradative
and repair mechanisms, which results in net loss of
cartilage, hypertrophy of bone, and generation of
osseous outgrowths called osteophytes. OA has a
predilection for finger joints, knees, hips, shoulders,
and the spine. Occurrence in an atypical joint, such
as an elbow, can usually be traced to prior trauma, a
congenital joint abnormality, underlying systemic
disease, or a chronic crystalline arthropathy. The
heterogeneity of OA arises from the many factors
that can contribute to cartilage damage.

Patients will typically report pain that is in-
creased with activity, and relieved by rest, though
rest pain occurs in advanced disease. “Gelling”—
stiffness that occurs after any period of rest—is also

common. Morning stiffness, when present, rarely
lasts more than 30 minutes. Symptom severity ranges
from asymptomatic disease diagnosed radiographi-
cally to significant pain with functional limitation.
Physical exam findings of the affected joints include
tenderness on palpation, crepitus (palpable friction)
with movement, bony enlargement, abnormal align-
ment, decreased range of motion, and sometimes
joint effusion.

Regional Variations and Radiographic
Features

The characteristic radiographic features of OA are
osteophytes, asymmetric joint space narrowing,
subchondral bone sclerosis, and subchondral cysts.
The severity of OA can be scored based on these
four common features (Table 6-2). Osteophytes, com-
monly called “bone spurs,” are osseous outgrowths
that most commonly arise at the joint margins, and
are the single most common feature of OA. Joint
space narrowing results from loss of hyaline cartilage
and should be present to some degree in all joints
that exhibit osteophytes. Because cartilage loss is

TABLE 6-2.
Radiographic Classification of Degenerative Joint Disease

Grade Description

KNEES

0 Normal

1 Doubtful narrowing of joint space and possible osteophytic lipping

2 Definite osteophytes and possible narrowing of joint space

3 Moderate multiple osteophytes, definite narrowing of joint space, some sclerosis, and
possible deformity of bone ends

4 Large osteophytes, marked narrowing of joint space, severe sclerosis, and definite
deformity of bone ends. Subchondral cysts may be present.

HIPS

0 Normal

1 Possible narrowing of joint space medially and possible osteophytes around the
femoral head

2 Definite narrowing of joint space inferiorly, definite osteophytes, and slight sclerosis

3 Marked narrowing of joint space, slight osteophytes, some sclerosis and cyst
formation, and deformity of femoral head and acetabulum

4 Gross loss of joint space with sclerosis and cysts, marked deformity of femoral head
and acetabulum, and large osteophytes

(Adapted from the Council for International Organization of Medical Sciences, 1963)




greatest where the stress on the joint is greatest, ra-
diographic joint space narrowing in OA is usually
asymmetric, in contrast to the more uniform pattern
that occurs in chronic inflammatory arthritides such
as rheumatoid arthritis. Subchondral bony sclerosis
also occurs in the most stressed areas of the joint,
where cartilage is most thin. Once cartilage is lost,
the bone surfaces rub and polish each other, a
process termed eburnation. Eventually, in severe dis-
ease, cysts may form in the subchondral bone be-
neath eburnated or sclerotic surfaces.

Hands and Wrists

The most commonly affected hand joints are
the distal interphalangeal (DIP), proximal interpha-
langeal (PIP), and the first carpometacarpal (CMC)
joints. Osteophytes of the DIP joints (called Heber-
den’s nodes), and of the PIP joints (called Bouchard’s
nodes) may be prominent and are sometimes tender
(Figure 6-1). In severe cases, angular deformity, dis-
location, or ankylosis may occur. OA of the first
CMC (trapeziometacarpal) joint causes pain with
grasping or pinching and crepitus on movement.
Occasionally, the metacarpophalangeal (MCP) joints
are involved but never without concomitant disease
in the DIP and PIP joints. Isolated MCP degenera-
tion is usually secondary to some other disease
process, such as a recurrent crystal arthritis. Radi-
ographs of the hand and wrist joints will show
uniform or nonuniform joint space narrowing,
osteophytes at the joint margin, bony sclerosis, and
sometimes subchondral cysts. At the DIP and PIP
joints, osteophytes have been described as “seagull
wings” because the pattern of the marginal osteo-
phytes with irregular joint space narrowing resem-
bles a seagull flying (Figure 6-2). Erosive osteoarthritis
of the DIP and PIP joints is a particularly painful dis-
ease primarily of middle-aged and older women,
characterized by degenerative changes plus inflam-
mation. Bone erosions occur centrally, but can also
extend laterally along the joint margin, and coupled
with marginal osteophytes, give a scalloped appear-
ance to the joint on plain radiographs.

Knees

OA of the knees is common, and risk is strongly
linked to body mass index. Symptoms include pain
with walking, standing up from a chair, climbing or
descending stairs; and stiffness after periods of rest.
Exam findings may include joint effusion, crepitus
with movement, and with more advanced disease,
loss of full knee extension and a palpable osteophytic
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ridge. Because it bears the most weight, the medial as-
pect of the joint tends to degenerate more rapidly
than the lateral aspect, resulting in varus (“bow-
legged”) angulation of the knee, and asymmetric joint
space narrowing on weight-bearing radiographs (Fig-
ure 6-3). Although less common, the opposite pattern
of lateral joint space loss and valgus (“knock-kneed”)
deformity does occur. Plain films also typically re-
veal sclerosis, with or without subchoncral bone
cysts, and osteophytes arising from the tibial spines,
intercondylar notch, and from the joint margins of
the tibia and femur. In patellofemoral disease, mer-
chant and lateral radiographs of the knees will reveal
narrowing of the patellofemoral space, often with the
patellae displaced laterally, and osteophytes at the
superior and inferior poles of the patella. Uniform
tri-compartmental (medial, patellar, and lateral) joint
space narrowing without osteophytes usually indi-
cates the aftermath of an inflammatory arthritis, such
as rheumatoid arthritis.

Hips

Symptoms of hip OA vary. Patients may report
groin or buttock pain with walking, but sometimes
experience pain that radiates toward the knees. The
exam may reveal decreased range of motion, partic-
ularly internal hip rotation, sometimes with pain at
the limit of rotation. Radiographs of early disease
show changes concentrated in the superolateral as-
pect of the joint, the area under most mechanical
stress. Joint space narrowing is followed by osteo-
phyte formation, sclerosis, and cyst formation. Re-
modeling of the medial and lateral femoral head
occurs and can lead to its collapse and flattening.
The medial acetabulum space fills in with osteo-
phytes, resulting in gradual superolateral migration
of the femoral head (Figure 6-4). The cortex may
thicken with new bone formation along the medial
aspect of the femoral head (buttressing). In contrast,
chronic inflammatory arthritis, such as rheumatoid
arthritis, will typically lead to diffuse loss of joint
space and medial migration along the axis of the
femoral head, or protrusio acetabuli.

Spine

OA may affect any level of the spine, but most
commonly occurs at C5, T8, and L3, the areas of
greatest spinal flexibility. Joints of the spine in-
clude cartilaginous joints, nucleus pulposus of the in-
tervertebral discs; synovial lined apophyseal joints;
cervical pseudoarthroses called uncovertebral joints;
and fibrous articulation, the annulus fibrosus of the
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FIGURE 6-2. Osteoarthritis of the DIP joint: the combina-
tion of osteophytes at the margin (#77ow) and irregular joint
space narrowing (arrowhead) resembles a seagull flying.

FIGURE 6-1. (A and B) Heberden’s and
Bouchard’s nodes. (A) Enlargement of the distal
interphalangeal joint (#770w) due to joint osteo-
phytes is called a Heberden’s node; (B) similar
enlargement at the proximal interphalangeal
joint is called a Bouchard’s node (arrowbead).

intervertebral discs (Figure 6-5). OA will typically af-
fect all spinal joints in the same area, but features of
disease at each joint type are described separately
for clarity.

Intervertebral (osteo)chondrosis is primary degen-
eration of the nucleus pulposus of the intervertebral
discs. Radiographs reveal progressive uniform or
nonuniform narrowing of the disc space and reac-
tive subchondral sclerosis at the vertebral endplate
with osteophytes extending from the anterolateral
vertebral margins. Progressive desiccation or rup-
ture of the disc will sometimes allow gas to appear
in the disc substance, which on radiographs will
appear as a thin linear lucency within the disc (vac-
uum sign) seen on extension and often disappearing
on flexion (Figure 6-6, A and B). The vacuum sign
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FIGURE 6-3. Degenerative joint disease of the knee is
manifested by asymmetric joint space narrowing. The me-
dial compartment (#77ow) that bears the most weight is more FIGURE 6-4. Osteoarthritis of the hip. An AP radiograph
affected than the lateral compartment. of the hip joint illustrates superolateral migration of the

femoral head (#rrow) with asymmetric joint space narrowing.

FIGURE 6-5. The vertebral bodies and intervertebral discs contain three structures that degenerate
in OA. The intervertebral facet joints (f) show classic features of osteoarthritis. The intervertebral disc
is composed of the central nucleus pulposus (n.p.), where disease is termed intervertebral osteochon-
drosis, surrounded by the annulus fibrosis (a.f.), where disease is termed spondylosis deformans.
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FIGURE 6-6. Lateral views of the lumbosacral spine show a horizontal linear lucency (#r70w), called a
vacuum sign, created when gas forms in the degenerated disc due to negative pressure. It is seen in exten-
sion (B) when disc pressure is lowest, and vanishes in flexion (A), which increases disc pressure. (C) A
Schmorl node (arrowhead) forms when the nucleus pulposus herniates into an adjacent vertebral body.

helps to exclude infection as a cause of disc space loss.
Discogenic low back pain caused by ruptured discs is
typically worsened by flexing the spine, which in-
creases pressure on the disc, and likewise decreased
by extension of the spine, or by lying supine. The de-
generating disc may herniate into the adjacent verte-
bral body, producing a Schmorl node (Figure 6-6C), or
impinge on the spinal cord, causing spinal stenosis.

OA of the synovial apophyseal, or facet joints, is
characterized by joint space narrowing, marginal
osteophytes, and bony sclerosis. Lumbar facet dis-
ease may produce central low back pain that wors-
ens on extension, which loads the facet joints and
decreases with flexion. Osteophytes and hypertro-
phy of the joint capsule may cause spinal stenosis
by encroaching onto the spinal cord or the nerve
roots at the intervertebral foramina. Pain due to
stenosis may radiate below the knee, worsen with
exertion and extension, and resolve with rest or by
bending forward, a pattern known as neurogenic
claudication or pseudoclaudication. Concurrent inter-
vertebral disc degeneration worsens intersegmental
instability and increases the load on the lumbar facet
joints, which can lead to subluxation of the joints,
allowing the forward movement of one vertebral
body over another (spondylolisthesis).

In the cervical spine, the posterior margins of
the vertebral bodies project slightly beyond the disc
to form pseudoarthroses called uncovertebral joints.

Osteophytes at both the uncovertebral and facet
joints can cause cervical spinal stenosis.

Spondylosis deformans refers to degenerative dis-
ease of the annulus fibrosus of the intervertebral disc
and is characterized by formation of large osteo-
phytes along the anterior and lateral aspects of the
spine. Osteophytes of axial OA are oriented horizon-
tal to their point of origin, which distinguishes them
from the fine, vertically oriented syndesmophytes of
the inflammatory spondyloarthropathies (Figure 6-
7). Axial osteophytes of OA also differ from the par-
avertebral hyperostoses of diffuse idiopathic skeletal
hyperostosis or DISH. In DISH, there is ossification of
the paravertebral ligaments, particularly at the an-
terolateral aspects of the vertebral bodies, producing
upward or downward pointing hyperostoses, which
are sometimes bridging, appearing to flow like can-
dle wax from one vertebra to the next.

In general, anteroposterior (AP), lateral, and lu-
mbosacral spot radiographs are adequate to diag-
nose OA of the spine, and oblique views of the
lumbar spine to show the facet joints are not usually
necessary. Magnetic resonance imaging (MRI), or
alternatively, computed axial tomography (CT),
are necessary to diagnose herniated vertebral discs
and/or lumbar spinal stenosis. It is important to
make a specific diagnosis when these problems are
suspected, as physical therapy designed to alleviate
one disorder may aggravate the other.



FIGURE 6-7. Osteophytes versus syndesmophytes.
Syndesmophytes of spondyloarthropathy are fine,
project vertically, and seem to flow from one vertebral
body to the next (#7rows in A), whereas osteophytes of
OA are course and project more horizontally (#rrow-

beads in B).

Sacroiliac Foints

OA of the sacroiliac joint occurs frequently in
older individuals and presents on radiographs as
asymmetric joint space narrowing, osteophytes at
the inferior aspect of the joint, and distinct sclerotic
joint margins. The finding of pseudowidened joint
spaces, indistinct joint margins, and erosions or fu-
sion of the joint, particularly in a young person,
suggests the presence or aftermath of an inflamma-
tory sacroiliitis, rather than OA.

Foot and Ankle

The metatarsophalangeal (MTP) joint of the
great toe is prone to develop OA, with the usual ra-
diographic findings of joint space narrowing, osteo-
phyte formation, sclerosis, and subchondral cysts. It
often presents with pain on walking, and limited
dorsiflexion or plantar flexion of the MTP, or hallux
rigidus. Asymmetric degeneration may lead to ab-
duction of the great toe with lateral angulation of
the joint, or hallux valgus (bunion) deformity.

Subtalar joint degeneration can lead to pain
with inversion and eversion of the foot. Tibiotalar
joint degeneration rarely occurs without prior trauma
or an inciting anatomic abnormality. Rapid and de-
structive degeneration of the foot and ankle joints
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usually indicates a neuroarthropathy (Charcot joint),
in which loss of sensation and proprioception leads
to improper joint loading and repetitive trauma. The
neuropathy associated with diabetes mellitus is the
most common cause.

Laboratory Features

No laboratory studies are specific for degenerative
arthritis, and none are needed to confirm the diag-
nosis. Studies are sometimes done, however, to rule
out diseases that can be associated with or mimic
OA. Assessment of serum creatinine and liver trans-
aminases may be necessary in order to safely pre-
scribe analgesics for pain. Analysis of synovial fluid
from joints with OA typically reveals normal to
mildly decreased viscosity and a cell count that is
frequently less than 100 cells/pL, and rarely higher
than 8,000 cells/pL. Cell counts at the high end of
this range are more common in long-standing joint
disease, and very high cell counts should prompt
further investigation for infection, crystal arthritis,
or other superimposed inflammatory joint disease.
When new joint effusions occur, fluid should also
be analyzed by polarized light microscopy for cal-
cium pyrophosphate dihydrate (CPPD) crystals, as
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the incidence of CPPD is increased in degenerative
arthritis. Basic calcium phosphate crystals are also
increased in degenerative arthritis, but are too small
to detect by light microscopy.

Medical Management

The goal of medical management of OA is not
merely to reduce pain, but to slow or prevent fur-
ther decline in functional status. The natural history
of OA may be one of slow, chronic progression, or of
stable periods with intermittent worsening. With
new or increased pain there is a natural tendency to
reduce activity. As activity decreases over time, so,
too, does muscle bulk and strength, which may lead
to decreased joint stability, worsening of joint de-
generation, and further decline in functional status.
Even though OA is not a systemic disease, the re-
lated decline in functional status can have major
systemic consequences, affecting cardiovascular
health, emotional health, and sense of well-being.
Breaking this cycle may require a team approach
targeted toward educating the patient and family,
evaluating and sometimes altering the patient’s
lifestyle, offering assistive devices, and prescribing
both physical and pharmacotherapy.

Nonpharmacologic Therapy

Patient education is vital, especially in early
disease where intervention is most likely to be effec-
tive. Obesity is the number one modifiable risk factor
for OA. Therefore, obese patients should be coun-
seled by dietitians and be continually encouraged
by their physicians to adhere to a diet program that
safely promotes and maintains weight loss. Patients
may alter the course of their disease and improve
their level of safety and functioning, simply by los-
ing weight and increasing or at least maintaining
muscle strength. They need to understand the bene-
fits and limitations of their medications, which are
prescribed to alleviate pain and reduce inflamma-
tion, but by themselves may not alter the disease
process or slow its progression.

Periodic rest of affected joints is appropriate, es-
pecially in acute disease exacerbations, but exces-
sive rest or reduction in activity will begin the cycle
of atrophy, weakness, and further functional de-
cline, which may actually worsen pain over time.
Exercise is required to strengthen muscles, and many
studies have shown that regular, moderate exer-
cise can both reduce pain, and improve the func-
tional status of patients with mild to moderate OA.

Finally, exercise is often required, in addition to di-
etary modifications, for effective weight loss. The
type and intensity of exercise should be tailored to
the individual needs of the patient. For instance,
for patients with OA of the knees who have not
yet developed significantly abnormal joint angu-
lation, a twice daily set of supine 10-second isomet-
ric quadriceps contractions can improve strength,
reduce pain, and reduce the risk of falling. This ex-
ercise is generally well tolerated even by patients
with moderately severe knee pain. In general, low
impact exercise, such as walking, is preferred to
high impact exercise, such as running or jogging.
Exercise in water, which helps to unload the
weight-bearing joints, can be especially beneficial
when weight-bearing pain in the knees, back, or
hips limits tolerance for land exercise.

The need for exercise guidance is just one of
many reasons that physical therapy is an integral
part of the management of OA. Physical therapists
can instruct patients on the proper use of canes and
walkers, to decrease weight-bearing stress on knees
and hips, reduce the risk of injurious falls, and re-
duce the fear of falling that by itself can greatly limit
patient mobility. Therapists can also instruct pa-
tients on the proper use of transcutaneous electrical
nerve stimulation (TENS) units to reduce pain in
specific areas. Insoles, braces, and orthopaedic shoes
can benefit OA of the knees, ankles, and feet. Lateral
wedged shoe inserts can sometimes reduce pain of
medial knee joint OA by shifting weight to the less
affected lateral compartment. Medial patellar tap-
ing may reduce the lateral compartment pain of
patellofemoral syndrome. Patients with chronic
back pain due to lumbar spinal stenosis will benefit
from education about appropriate spinal biome-
chanics used in daily activities and about those posi-
tions of the spine that exacerbate back and leg pain.

Occupational therapy can be very beneficial for
patients with hand and wrist OA. Therapists can fit
patients with finger or first CMC splints to stabilize
affected joints, and instruct them on how to reduce
joint stress during daily activities. Small sleeves of
silicone can pad tender Heberden’s and Bouchard’s
nodes. Careful use of heat or cold may also alleviate
pain. Paraffin baths are particularly soothing for the
pain of erosive OA.

Pharmacotherapy

Pharmacotherapy for OA can be divided into top-
ical (rubifacient) therapies, intra-articular therapies,
oral analgesic therapies, and dietary supplements.



Rubifacients include counterirritant agents, which
can have a transient, soothing effect on joint pain,
and are generally safe. Topical capsaicin, if applied
frequently and consistently to a region, can selec-
tively reduce pain sensation in that region by deplet-
ing substance P from type C unmyelinated pain
neurons. However, not everyone can tolerate the ini-
tial burning sensation caused by capsaicin, and pa-
tients must be well informed in order to use this
agent properly.

Intra-articular corticosteroid injections are partic-
ularly helpful for OA of the knees, especially when
there is inflammation and joint effusion, and can be
safely repeated up to four times per year. The injec-
tion may work best if the knee joint is first aspirated
to remove excess synovial fluid. If the fluid appears at
all turbid, it should be sent for cell counts and for cul-
ture, and the corticosteroid injection should be post-
poned until it is clear that the joint is not infected.
Epidural corticosteroid injections, performed under
fluoroscopic guidance, can sometimes reduce pain of
lumbar stenosis. Viscosupplementation, intra-articular
injection of hyaluronic acid derivatives, may also be
beneficial for mild to moderate OA of the knee, par-
ticularly for patients who cannot take analgesics, or
who are not candidates for joint replacement.

Oral analgesics are still a mainstay in the
management of OA pain, but choice of agent
must be guided by knowledge of the patient’s
other medical conditions and concurrent treat-
ment. Oral analgesics include acetaminophen,
nonsteroidal anti-inflammatory drugs (NSAIDs),
selective cyclooxygenase-2 (COX-2) inhibitors, non-
acetylated salicylates, synthetic opioid agonists, and
narcotics.

Acetaminophen is inexpensive, widely used,
and for many patients will provide adequate pain
relief when used at a full dose of 1 g three to four
times per day. Though long thought to be very safe,
a recent meta-analysis suggests that acetaminophen
may cause more gastrointestinal and renal toxicity
then originally believed, especially when used
chronically. Impaired liver function is a contraindi-
cation for high dose acetaminophen.

For some patients, an oral NSAID or selective
COX-2 inhibitor will be more effective than aceta-
minophen for relieving OA-related pain. However,
the benefit of added pain relief must be balanced
with the potential for significant toxicity, especially
in the elderly, who are the majority of patients need-
ing analgesics for OA. NSAIDs inhibit gastric COX-
1, thus blocking production of gastroprotective
prostaglandins, and are known to cause significant
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gastrointestinal (GI) side effects and toxicity, includ-
ing pain, acid reflux, gastric ulcers, and erosive
esophagitis. Therefore, many patients who require
chronic use of NSAIDs will also require concurrent
use of gastroprotective agents such as misoprostal, or
proton-pump, inhibitors. Selective COX-2 inhibitors
are as effective as NSAIDs for relieving OA-related
pain, and cause fewer Gl side effects and ulcers, how-
ever, they may be associated with an increased risk of
heart attack and stroke. Both NSAIDs and COX-2 in-
hibitors can reduce glomerular filtration, and thus in-
crease sodium and fluid retention. Therefore, patients
who have uncontrolled hypertension, renal insuffi-
ciency, or congestive heart failure should, in most
cases, avoid these agents altogether and should cer-
tainly be monitored very closely when these agents
are prescribed. The nonacetylated salicylates, which
do not inhibit COX-1 or COX-2, may be safer choices
for elderly patients with hypertension or mild renal
insufficiency. However, ototoxicity and CNS side ef-
fects may limit tolerance to these medications.

Judicious use of narcotics or the synthetic opi-
oid agonist, tramadol, has a role in management of
OA-related pain. Short-term use for acute exacerba-
tion of pain is safe and effective in most circum-
stances. Chronic use should generally be avoided,
but may be appropriate in selective cases where
pain and functional limitation are significant, sur-
gery is not possible, and other medical conditions
prohibit use of NSAIDs or COX-2 inhibitors. Nar-
cotics and tramadol are often prescribed as combi-
nation pills containing acetaminophen, which may
improve efficacy but also creates a risk for aceta-
minophen overdose if additional acetaminophen is
taken along with them. Patients must be educated
to avoid acetaminophen overdose.

Almost all oral analgesics have some potential
for hepatic toxicity and should be used with caution
in patients with liver disease. Physicians should
obtain baseline creatinine and liver transaminases,
and later repeat these tests, in all patients who are
starting a course of chronic analgesic use for OA.

Dietary supplements, such as glucosamine sul-
fate, have gained great popularity and are now
widely used. Studies in animal models suggest that
glucosamine may slow cartilage breakdown. Human
studies do show at least a modest benefit of reduced
pain, or reduced need for other oral analgesics,
such as acetaminophen. Human studies have also
purported to show that glucosamine use reduces
loss of knee cartilage, by showing differences in ra-
diographic joint space between glucosamine versus
placebo users. However, these studies have been
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criticized for not accounting for the possibility that
pain reduction in the glucosamine users may have
altered their stance and thus increased the meas-
ured joint space. Glucosamine is generally safe,
but should be avoided by patients who are allergic
to shellfish. Many glucosamine preparations also
contain chondroitin sulfate, and small controlled
trials suggest that this agent may also reduce pain
of OA. However, chondroitin is derived from ani-
mal cartilage, which raises issues of safety, and
there is little evidence that chondroitin will pro-
vide any additional benefit beyond that derived

Rbeumatoid Arthritis
Paul M. Peloso

from glucosamine alone. The American College of
Rheumatology Subcommittee on Osteoarthritis
Guidelines does not recommend use of these agents
at this time.

Surgical Management

Surgical intervention is considered for intractable
pain or deformity that limits function and is dis-
cussed separately elsewhere. It does not obviate the
need for continued medical management.

Rheumatoid arthritis is a disease of chronic pol-
yarticular inflammation that leads to joint swelling,
joint deformity, loss of joint function, and early
death. Advances in the underlying immunobiology,
earlier diagnostic possibilities, and major therapeu-
tic approaches could well limit the previous inex-
orable decline in function. RA occurs in 1 to 3% of
the white adult population, but prevalence varies
depending on age, race, and classification criteria
used. Women are slightly more affected than men
(3:2), but the disease is seen in all races, teenagers,
and the elderly, and has a worldwide distribution.

Pathogenesis

Products of the HLA region or class II genes of the
major histocompatibility complex control both im-
mune responses and susceptibility to rheumatoid
arthritis (Color Figure 6-1). People who are HLA
DRB4 positive are more likely to develop erosive,
disabling disease, but only one-third of RA patients
are DRB4 positive. Infection is suspected to play a
role in RA onset, although no specific bacterial or
viral causes have been proven. Perhaps RA is a final
common pathway for several infections.

In the early stages, edema, microvascular prolif-
eration, and T-lymphocyte infiltration occur in the
subsynovial tissue, followed by synovial lining cell
proliferation. Increased cellularity includes synovial
infiltration by B-cells, macrophages, and fibroblasts.
B-cells develop into plasma cells and reside in the
synovium chronically, producing rheumatoid factor
(an immunoglobulin), leading to complement activa-
tion. Fibroblasts migrate to the synovial surface, with

granulation tissue development, entailing further
proliferation of fibroblasts, synovial lining cells,
and enhanced vascular infiltration. Responding to
chemotactic factors including complement byprod-
ucts, granulocytes migrate through capillary walls
and synovial tissue into the joint space. These cells
then permanently reside in the joint space and dis-
charge enzymes. These hydrolases, DNAase, pro-
teinases (elastase and collagenase) accumulate in
the synovial fluid, articular cartilage, and bone-de-
stroying structural proteins and other cells. Soluble
pro-inflammatory substances produced by activated
lymphocytes, monocytes, and macrophages (TNF-c,
interleukin 1 and other cytokines, E series prosta-
glandins, leukotriene B4) are generated in the joint.
These increase vascular permeability and further acti-
vate granulocytes, lymphocytes, and monocyte-de-
rived macrophages, synovial cells, osteoclasts, and
fibroblasts. Soluble mediators augment and perpetu-
ate the inflammatory response.

In chronic RA, this proliferative granulation tis-
sue, called pannus, advances across the joint surface,
destroying marginal articular cartilage and invading
subchondral bone. Pannus attached to the joint cap-
sule, ligament, and tendons results in joint deformity.
Active inflammation is accompanied by attempted
repair, and collagen production may become domi-
nant, leading to fibrosis and joint contractures.

Clinical Features

As in all inflammatory arthritis conditions, patients
with RA are stiff and sore in the morning, lasting 1 to
or more hours, improving with low-grade activity.



Visible joint swelling, especially that observed by an
experienced health care provider, is highly specific
for an inflammatory arthritis. Rheumatoid arthritis
has a predilection for small joints of the hands (PIP
and MCP), the wrists, the knees and the feet. Popu-
lation-based studies suggest pain elicited by squeez-
ing the MTPs or the MCPs in the presence of two or
more swollen joints is highly specific for RA. Sym-
metrical involvement is typical of RA, and it can be
associated with fatigue, malaise, fever, weight loss,
and lymphadenopathy. Nodules may occur, typi-
cally along the olecranon border, Achilles tendon, or
extensor surfaces of the hands and feet, but are often
a later finding.

The onset may be explosive, or an additive, pro-
gressive polyarthritis. MRI reveals bone edema
and cartilage degradation within weeks of symptom
onset. In time almost all synovial joints may become
involved, including TM]J, shoulders, elbows, wrists,
MCP, PIP, knees, ankles, feet, and cervical spine. The
hips may be spared early. Involvement of the DIPs of
the hands and inflammatory spinal involvement are
extremely rare. Tenosynovitis is common, especially
in the hands and feet and can lead to nerve root en-
trapment (carpal and tarsal tunnel) and tendon rup-
ture. Documentable joint inflammation is detected
as palpable synovial swelling or joint tenderness. Al-
though swelling is often visible and palpable, joint
tenderness is elicited by applying direct pressure to
the joint or at the end range of passive joint motion.
Tenosynovitis is diagnosed as swelling along the
tendon, pain with passive stretching of the tendon,
and pain on resisted movement.

Diagnosis, Differential Diagnosis,
and Prognosis

The American College of Rheumatology has devel-
oped diagnostic criteria, which require the presence
of four or more of the following seven items:
Morning stiffness for at least one hour and pres-
ent for at least 6 weeks
Swelling of three or more joints for at least 6
weeks
Swelling of wrist, PIP, or MCP joints for at least
6 weeks
Symmetrical joint swelling
Hand radiograph changes typical of RA, in-
cluding erosions or unequivocal bony periar-
ticular decalcification
Subcutaneous nodules
Rheumatoid factor

Rbeumatoid Arthritis 163

The differential diagnosis of RA includes an
acute viral polyarthritis, such as rubella or par-
vovirus, SLE, Sjogren’s syndrome, sarcoidosis, sys-
temic immune complex reactions, reactive arthritis,
psoriatic arthritis, polyarticular CPPD (pseudo-
gout), and erosive osteoarthritis involving mainly
the PIPs. All can have polyarthritis, but historical
features of infection, cutaneous abnormalities, and
patterns of joint involvement all suggest these al-
ternate diagnoses.

Spontaneous remission can occur and last
months or years, in as many as 10% of patients. Risk
factors for progression include rheumatoid factor
positivity, DRB4 positivity, nodules, persistent ele-
vation of the CRP, and a progressive, additive onset.
Intermittent disease flares with increased systemic
symptoms and increased numbers of swollen joints
is the rule. Joint damage correlates with persistent
joint inflammation.

Laboratory Features

Positive rheumatoid factor occurs in 60% of patients
at 6 months and in 80% over time. Other conditions
with positive rheumatoid factors include cryoglob-
ulinemia, parvovirus 19 infection, hepatitis C, Sjo-
gren’s syndrome, SLE and occurs in 5% of normal,
healthy individuals. A positive ANA occurs in 40%.
The recently described anti—citrullinated cyclic pep-
tide (anti-CCP) antibody can be positive early in RA
when the rheumatoid factor is negative. It appears
to have prognostic importance. Persistent elevation
of the ESR or CRP and anemia of chronic disease are
common in undertreated RA.

Radiographic erosions and joint space loss com-
monly affects the MCP, PIP, MTP, and ulnar-carpal
joints, and are present in up to 30% of patients in the
first year with 90% having erosions after 2 years.
MRI is a far more sensitive test for erosions than is
plain radiography.

Rbeumatoid Deformities

Chronic unchecked inflammation leads to charac-
teristic deformities. Rotation of the carpometacarpal
complex on the radius, and volar subluxation of
the carpus on the radius leads to reduced grip.
Disruption of the distal radio-ulnar ligament leads
to dorsal subluxation of the distal ulna, appreciated
clinically as the “piano key sign.” Damage to the
joint capsule and collateral ligaments of the MCP
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joints combined with rotational deformity of the
metacarpal complex leads to ulnar deviation of the
fingers, often accompanied by volar or ulnar sub-
luxation of the PIP joints. Swan neck deformity is
fixed hyperextension of the PIP joint and accompa-
nying flexion of the DIP joint. Boutonniere defor-
mity is flexion contracture of the PIP joint with
hyperextension of the DIP, resulting from damage
to the central portion of the extensor tendon overly-
ing the PIP joint. A Baker’s cyst develops in the
popliteal space from increased intra-articular pres-
sure and a gradual weakening of the posterior cap-
sule. Baker’s cysts are prone to rupture, with acute
pain, swelling, and heat in the calf, mimicking deep
venous thrombosis or cellulitis. Ultrasonography
can differentiate a cyst from venous thrombosis.
Forefoot involvement includes widening of the
forefoot, hallux valgus, hallux rigidus, and cock-up
toe deformities. Atrophy of the soft tissue pads on
the plantar surface of MTP results in weight-bearing
pain and ulceration. Hindfoot involvement in-
cludes contracture of the subtalar joints or excessive
laxity associated with abduction and pronation of
the midfoot and forefoot.

RA frequently involves the cervical spine, par-
alleling hand involvement. Particularly concerning
is weakening of ligaments attaching the odontoid
process to C2 and to the lateral masses of C1. Ante-
rior subluxation of C1 relative to C2 and the
odontoid process leads to atlanto-axial subluxation.
Progressive subluxation in concert with degenera-
tive and inflammatory changes at levels below C2
may lead to neurological impingement and motor
deficits. Cranial settling results when erosion of the
occipital condyles or the lateral masses of C1 cause
settling of the skull relative to the odontoid process.
The odontoid may protrude into the foramen mag-
num where it compresses the medulla or pons.

Extra-Articular Manifestations

RA is a systemic disease and may entail nodules,
serositis, and vasculitis. Nodules occur in 25% of
patients and are often a late feature. They have a
central area of fibrinoid necrosis surrounded by
histiocytes and inflammatory cells. Common loca-
tions are elbows, hands, feet, although they can
occur in all locations including internal organs. Re-
peated pressure may encourage their development.
Sjogren’s syndrome occurs in 10% of RA patients,

involving chronic inflammation of exocrine glands,
most commonly the lacrimal and salivary glands.
Clinically it presents as dryness of the eyes and
mouth, leading to corneal ulceration and acceler-
ated dental carries. Serositis is relatively uncommon
and presents with recurring, moderate-sized exuda-
tive pleural effusions with a low glucose. Diffuse in-
terstitial pulmonary fibrosis is bilateral, principally
affecting the lower lung zones. Felty’s syndrome is
the co-occurrence of RA, splenomegaly, cytopenias
(white cells or platelets), and leg ulcers. Systemic
vasculitis can lead to ischemia of the skin (purpura),
vasa nervorum (peripheral neuropathies), and rarely
internal viscera. Small 1 to 2 mm hemorrhagic cuta-
neous infarcts in the periungal region of the digits
are the result of an obliterative vasculopathy and do
not indicate a systemic vasculitis.

Management of Rbeumatoid Arthritis

The three major goals of rheumatoid arthritis man-
agement include reducing pain, reducing inflam-
mation, and preventing disability (Figure 6-8). Other
goals include minimizing drug toxicity and man-
agement of extra-articular features. These goals are
best prioritized through careful history taking,
physical examination, and selected laboratory and
radiographic studies. Several well-validated patient-
completed questionnaires of disability, such as the
health assessment questionnaire (HAQ), predict
short- and long-term functioning and should be a
routine component of RA care.

Pain management is not equivalent to inflam-
mation control, although they may be performed in
concert. Analgesia with acetaminophen, nonsteroidal
anti-inflammatory drugs, weak opiates (codeine and
tramadol), use of local depot steroid injections,
physical therapy, joint splinting, and education
(Arthritis Foundation) are appropriate for pain
management. NSAIDs and injections have only a
minor role in inflammation management. Pain can
result from several causes including inflammation,
but also from joint and tendon damage, muscle
pain, and fatigue and should not be assumed to be
inflammation related. Joint inflammation is diag-
nosed by asking about inflammatory symptoms
(morning stiffness and improvement with activity)
and the presence of joint swelling. Laboratory tests
(ESR/CRP) can be a helpful adjunct to the history
and examination.
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Pain
Management

Analgesia with

acetaminophen,

NSAIDs, weak opiates.

Physical therapy,
occupational
therapy, education.
Injections.
Total joint arthroplasty.

Inflammation
Management

Corticosteroid injections.

Short courses of oral
corticosteroids
(prednisone 10-25
milligrams for one to
two weeks).

Hydroxychloroquine,
sulfasalazine,

monocycline (low
potency, low toxicity
DMARD:s).

Methotrexate, azathioprine,
leflunomide (antimetabolites
with bone marrow and
liver toxicity).

Combinations of DMARD:s.

TNF alpha antagonists.

(infection risks).

FIGURE 6-8. Managing rheumatoid arthritis.

Inflammation is best managed with immuno-
modulators, which do not have immediate onset.
While oral corticosteroids (prednisone) and joint
injections may provide temporary relief, their
long-term toxicity and the availability of more ef-
fective drugs argue against their long-term use.
Corticosteroids should be used temporarily, for 1
or 2 weeks with acute flares and while waiting for
long-term inflammation control with disease-
modifying agents. Low potency, low toxicity
DMARDs include hydroxychloroquine, sul-
fasalazine, and minocycline. These drugs should
be used early in patients with mild disease, and in
combinations with more potent DMARD:s as dis-
ease progresses. One of these drugs should be
started as soon as the RA diagnosis is suspected.

Methotrexate, an antimetabolite, has been the
mainstay of inflammatory control for the last 20
years, with two other antimetabolites, azathioprine
and leflunomide, as alternatives. For persistent un-
controlled inflammation, research has shown that
combinations of DMARDs (two or three of the
above listed agents) or the addition of TNF-«a in-
hibitors are required. Recent large, long-term, ran-
domized controlled trials with TNF-a inhibitors
have shown improvements in joint inflammation
and joint damage, with prevention of radiographic
erosions. Use of antimetabolites and TNF-a in-
hibitors require expert rheumatologist advice. The

Management of
Extra-Articular
Disease Features

Disability
Management

Control of inflammation Sicca—eye drops, oral

(DMARDs). lozenges,.piloc_arpine.
Management of Nodules—injections and
comorbidities surgery rarely.
(depression and anxiety). Entrapment )
Job site factor assessments neuropathy—surgical
release.

(job physical capacity).
Help from social workers,
physical therapists and
occupational therapists.

Cervical Spine
instability—peri-operative
assessment and careful
clinical follow-up.

Vasculitis—intensive
medical management.

antimetabolites have important toxicity in the liver
and bone marrow and are associated with infection
risk. Recent data shows methotrexate does not im-
pair wound healing. The TNF-a antagonists also
have increased infection risk and should be stopped
2 to 4 weeks before surgery.

Prevention of disability may be the most chal-
lenging goal and requires optimal pain control, con-
trol of joint inflammation, and attention to personal,
social and occupational factors that contribute to
disability burden. Depression, anxiety, low educa-
tional attainment, a physically demanding job, and
persistent unchecked inflammation all predict job
loss. Involvement of the primary care provider, so-
cial workers, physical therapists, occupational ther-
apists, and the work site may be required to match
job requirements with the patient’s abilities.

Extra-articular features require individualized
management. Sicca complex (Sjogren’s syndrome)
may be improved with eyedrops, oral lozenges,
and oral pilocarpine or oral cholinergic agonists.
Nodules are best left alone unless they are causing
pain and functional loss. Local corticosteroid injec-
tion may cause nodules to regress. They often recur
after surgical removal. Entrapment neuropathies
require surgical release. Tendon ruptures (espe-
cially wrist and finger extensors) require surgical
repair. Recurrent Baker’s cysts may respond to sur-
gical excision.
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Cord compression symptoms are the usual justi-
fication for surgical stabilization. Cervical instability
requires cooperation between the orthopedist and the
rheumatologist. Advanced degenerative disease re-
sponds well to total joint replacement, particularly
knees and hips, although shoulder, wrist, MCP, and
PIP arthroplasty may all be appropriate in some in-
stances. The need for surgical intervention is evidence
of unchecked inflammation in the past, and surgery is
not an alternative to optimal medical management.

Systemic Lupus Erythematosus
Haraldine A. Stafford

Felty’s syndrome, rheumatoid lung, vasculitis,
cytopenias, and drug toxicity mandate consulta-
tion with a rheumatologist and other appropriate
medical specialists, with a rheumatologist coordi-
nating care.

Advances in medical and surgical management
can fundamentally alter the natural history and
subsequent disability associated with rheumatoid
arthritis. RA need not be a progressive, disabling
condition, when expertly managed.

Definition

Systemic lupus erythematosus (SLE) is a multisys-
temic chronic autoimmune disease that is distin-
guished by characteristic organ manifestations. It
most commonly involves the musculoskeletal, cuta-
neous, and renal systems. Its cause is unknown but
likely involves hereditary and environmental sus-
ceptibility factors. Autoantibodies are the hallmark
of this condition and are directed primarily to cell
nuclei and their constituents, for example, antinu-
clear antibodies (ANA), and anti-double stranded
DNA (anti-dsDNA). They mediate tissue injury by
forming immune complexes, which promote in-
flammation. They also promote cell destruction by
the reticuloendothelial system and perhaps exert di-
rect toxic effects on cell function.

SLE is primarily a disease affecting young wo-
men with a peak incidence in the reproductive
years. It affects individuals of all races and ethnici-
ties with a prevalence of 15 to 52 cases/100,000 per-
sons. Diagnosis is made on the basis of characteristic
clinical and laboratory features (for formal crite-
ria used in making the diagnosis, see Tan 1982).
The course is variable, and is related to race, type,
and severity of organ involvement. Prognosis has
improved dramatically over the last 50 years sec-
ondary to earlier recognition and more effective
management.

Clinical Features

Patients with SLE may present with a variety of
symptoms due to the multitude of clinical manifesta-
tions. Moreover, these clinical manifestations may

change over time. Joint and skin complaints followed
by constitutional symptoms (fever, fatigue, malaise,
weight loss) are the most common presenting com-
plaints. The majority of patients have arthralgias
(95%), arthritis (90%), fever (90%), fatigue (81%), skin
rashes (malar rash, discoid lupus, photosensitivity,
74%), or glomerulonephritis (50%) at some time in
their illness. Myalgias and myositis occur less fre-
quently. Other clinical features used in making the
diagnosis of SLE include serositis, seizures, psy-
chosis, and oral ulcers. The classic presentation of a
butterfly (malar) rash (erythema over the cheekbones
and nose) with simultaneous arthritis occurs in a mi-
nority of patients.

Joint complaints include pain (arthralgias),
stiffness, and swelling (arthritis). Symptoms are in-
flammatory in nature, and may be evanescent and
migratory, persistent, or progressive. Any periph-
eral joint may be involved, although the metacar-
pophalangeal and proximal interphalangeal joints
of the hands, wrists, and knees are most frequently
affected. Symmetric polyarthritis affecting the hands
and wrists is the most common arthritis presenta-
tion. Pain and palpable tenderness is often more
prominent than swelling. This joint distribution re-
sembles the pattern in rheumatoid arthritis (RA),
and often, patients are initially diagnosed with RA.
The diagnosis of SLE becomes obvious when other
characteristic clinical and laboratory features de-
velop. Usually the joint complaints in SLE are
milder than in RA, and destruction of cartilage and
bone does not occur. Deformities of the joints can
occur in SLE, and in the hand include ulnar devia-
tion and subluxation, swan neck deformities, and
hyperextension of the thumb interphalangeal
joints. This usually reducible subluxation is called



Jaccoud'’s arthropathy, and occurs in 5 to 40% of pa-
tients. It results from stretching and laxity of liga-
ments and tendons rather than from destructive
changes typical of RA. Jaccoud’s arthropathy can
occur in other joints as well. Symptomatic axial skele-
ton involvement is unusual, although radiographic
evidence of sacroiliitis is frequently present.

Patients on glucocorticoids or immunosuppres-
sive drugs are susceptible to a variety of muscu-
loskeletal complications. Steroid myopathy can cause
progressive weakness. Glucocorticoid-induced os-
teoporotic compression fractures are a potential
cause of acute back pain. Stress fractures near a joint
can cause joint pain and swelling, and should also
be considered in those patients on chronic corticos-
teroids. Septic arthritis and osteonecrosis are other
potential causes of joint pain. Inmunosuppressives,
glucocorticoids, and intrinsic susceptibility to infec-
tion predispose these patients to septic arthritis.
Clinically apparent osteonecrosis occurs in 4 to 15%
of these patients. It affects the humeral head in 80%
of cases, followed by the knees and shoulders. Mul-
tiple joint osteonecrosis is common. Pain may be
mild to severe and develops insidiously to abruptly.
Thus, acute mono- or oligoarthritis needs to be fur-
ther evaluated with arthrocentesis and MRI to elim-
inate septic arthritis and osteonecrosis, respectively.

Tendon involvement is common and includes
changes resulting in Jaccoud’s arthropathy, tenosyn-
ovitis, and tendon rupture. Tenosynovitis often in-
volves the extensor tendons of the fingers and toes.
Tendon rupture frequently affects the patellar ten-
dons, long head of the biceps and triceps, and exten-
sor tendons of the hands. Trauma and corticosteroid
use are associated risk factors.

Pathologic and Radiologic Features

Histologic synovial changes in SLE arthritis re-
semble those observed in RA although they are
milder in intensity. Typical features include peri-
vascular inflammation, synovial cell proliferation,
and fibrin deposition at the synovial membrane.
Bone and cartilage destruction rarely occur, in
contrast to what is observed in RA. Histologic ex-
amination of ruptured tendons may show inflam-
matory changes.

Radiographs of arthritic joints are often normal,
but up to 50% of patients may have mild abnormali-
ties. These abnormalities include soft tissue swelling,
periarticular osteopenia, osteoporosis, and subluxa-
tion. Joint space narrowing and marginal erosions,
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which are common in RA, are rarely if ever ob-
served in SLE.

Laboratory Features

SLE patients with joint complaints usually have labo-
ratory evidence of SLE. ANAs are present in greater
than 98% of patients with SLE. However, the speci-
ficity of a positive ANA is low. Positive ANAs are ob-
served frequently in other autoimmune diseases, as
well as in healthy individuals and particularly in the
elderly. Consequently, their utility is the greatest when
used to support the clinical and laboratory impression
of SLE. Anti-dsDNA and anti-Sm autoantibodies are
more specific for SLE. Unexplained leukopenia, lym-
phopenia, hemolytic anemia, and thrombocytopenia
are hematologic manifestations of SLE. Proteinuria,
hematuria, and red blood cell casts suggest renal in-
volvement by SLE.

Synovial fluid in SLE arthritis is usually mildly
inflammatory. Fluid is clear with normal viscosity.
White cell counts typically range from 2,000 to
15,000, although values up to 40,000 have been de-
tected. There is often a lymphocyte predominance.

Management

Appropriate medical therapy for SLE is determined
by the pattern and severity of organ involvement. If
musculoskeletal complaints are accompanied by
major organ involvement (kidneys, central nervous
system, blood cells), then aggressive therapy with
high dose glucocorticoids with or without immuno-
suppressive therapy is used. Cyclophosphamide, my-
cophenolate mofetil, and azathioprine are commonly
used immunosuppressive agents. If musculoskeletal
complaints accompany minor organ involvement
(skin, oral mucosa, pleura), then antimalarials are
often used. Isolated mild musculoskeletal com-
plaints are initially treated with NSAIDs. If they are
refractory or more severe, antimalarials are added.
Methotrexate is used for arthritis that has failed an-
timalarial treatment. Low dose glucocorticoids
(usually < 10 mg prednisone each day) are used in
arthritis that fails to respond to NSAIDs while wait-
ing for antimalarials and/or methotrexate to be-
come effective. More aggressive therapy of SLE
arthritis with combination immunosuppressive
therapy, such as that used for RA, is rarely indi-
cated. TNF-a blocking agents are not used in SLE,
and may worsen it.
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Nonpharmacologic therapy is also indicated for
SLE musculoskeletal complaints. Physical and occu-
pational therapy are important adjuncts to pharma-
cologic therapy. Splints may be effective in limiting

Spondyloarthropathies
George V. (Geordie) Lawry 11

deformities and, with appropriate exercise, may pre-
serve function. Surgical interventions may be neces-
sary to correct deformities, restore joint function,
and manage tendon rupture and osteonecrosis.

The spondyloarthropathies are an interrelated group
of disorders which include ankylosing spondylitis,
inflammatory bowel disease arthritis, reactive arthri-
tis (Reiter’s syndrome), and psoriatic arthritis. They
are clinically, radiographically, pathologically and ge-
netically related to ankylosing spondylitis. The ab-
sence of rheumatoid factor (leading to the name
“seronegative” spondyloarthropathy) is not an essen-
tial diagnostic feature. The predilection of these disor-
ders to axial, spinal inflammation is the dominant
clinical feature leading to the preferred term spondy-
loarthropathy. A number of clinical distinctions permit
differentiation from rheumatoid arthritis, including
important differences in articular and extra-articular
features as well as management and prognosis.

Clinical Hallmarks

The most distinctive feature of the spondyloarth-
ropathies is the presence of “enthesopathy.” An en-
thesis is the insertion point of tendons, ligaments, or
joint capsule on bone and the term enthesopathy
refers to a physical alteration at the site of such at-
tachments. Inflammatory enthesitis is the clinical hall-
mark of all the spondyloarthropathies and is an
important feature shared by all the members of this
family. The presence of widespread enthesitis leads
to multiple spinal and peripheral manifestations so
characteristic of these disorders (Figure 6-9).

A second important hallmark is the presence of
axial (spinal) involvement. Inflammatory synovitis and
capsular enthesitis at the sacroiliac joints leads to
sacroiliitis (Figure 6-9A). Inflammation of spinal en-
theses at paraspinous ligaments leads to spondylitis
(inflammatory involvement of the spine). Inflamma-
tion at axial cartilaginous joints contributes to the
arthritis at the SI joints, intervertebral discs, symph-
ysis pubis, manubriosternal joint, and sternoclavicu-
lar joints.

The third hallmark of the spondyloarthro-
pathies is the particular pattern of peripheral joint

involvement. Axial “root” joint synovitis in shoulders
and hips is most commonly seen in ankylosing
spondylitis. An asymmetric lower extremity oligo-
arthritis (2 to 4 joints), especially involving the knee
and ankle joints, is seen in patients with inflamma-
tory bowel disease arthritis. A similar, predomi-
nantly large joint lower extremity oligoarthritis may
be seen in reactive arthritis or Reiter’s syndrome
with the addition of small joint synovitis, particu-
larly with distal interphalangeal (DIP) involvement
of toes and fingers (DIP involvement is not usually
seen clinically in RA). In addition, a particularly dis-
tinctive feature of the spondyloarthropathies (espe-
cially seen in reactive and psoriatic arthritis) is the
presence of “sausage digits” (Figure 6-9D). This dis-
tinctive pattern of swelling represents the combina-
tion of synovitis of small synovial joints combined
with enthesitis of tendon sheaths, tendon insertions,
joint capsules and supporting ligaments, giving rise
to sausage-like swelling of the entire digit. A spec-
trum of progressively increasing peripheral joint in-
volvement is seen when comparing ankylosing
spondylitis (least peripheral) to inflammatory bowel
disease arthritis to reactive arthritis to psoriatic arthri-
tis (most peripheral).

The fourth clinical hallmark of the spondy-
loarthropathies is the notable extra-articular features
frequently present in this family of disorders: ocular
(conjunctivitis and uveitis), GU (urethritis), GI (di-
arrhea and dysentery), and cutaneous (psoriasis)
manifestations.

Ankylosing Spondylitis

Ankylosing spondylitis is estimated to occur in 0.5
to 1% of the population. It begins most frequently
before age 40, usually in the third or fourth
decades of life. Symptoms and signs of inflamma-
tory spinal disease predominate. Inflammatory
back pain, suggesting sacroiliitis and spondylitis,
has five important historical features that help to
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distinguish it from more common mechanical low
back pain: age less than 40, insidious onset, dura-
tion of less than 3 months, significant morning
stiffness, and improvement with exercise. Patients
with inflammatory back pain give a history that
frequently sounds quite vague, the significance of
which can easily be missed. Discriminating ques-
tions focusing on sleep, mornings, and the effect of
rest and exercise can be extremely helpful in sus-
pecting the correct diagnosis. Family histories of

FIGURE 6-9. (A) Bilateral sacroiliitis (ankylosing spondyli-
tis). (B) Syndesmophyte in upper lumbar spine. (C) Exuber-
ant periosteal new bone formation in lower thoracic spine.
(D) Sausage digits of right 2nd and left Ist toe (psoriatic
arthritis).

patients with ankylosing spondylitis frequently re-
veal other individuals with early onset low back
pain, uveitis or iritis, inflammatory bowel disease,
Or psoriasis.

Physical examination centers on evaluation of
the spine. Sacroiliac joints may be tender to direct
percussion. Specific maneuvers applying mechani-
cal stress to the pelvis frequently result in discomfort
felt directly at the SI joint (upper, inner buttock re-
gion). Visual inspection of the lumbar spine during
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flexion is very important. Due to extensive inflam-
mation in spinal entheses, the lumbar lordotic cur-
vature frequently does not reverse (as it should)
during spinal flexion. Chest expansion may also be
limited due to inflammatory changes at costoverte-
bral joints in the thoracic spine. The cervical spine
may also be involved, demonstrating restriction in
all planes of motion (especially extension). Early
loss of spinal range of motion in patients with anky-
losing spondylitis may be due to inflammatory
pseudofusion of spinal ligaments, and may be re-
versible with aggressive anti-inflammatory therapy
combined with range of motion exercises. Later,
more fixed reductions in range of motion, due to
bony fusion, are not reversible.

Radiographic findings in ankylosing spondyli-
tis reveal symmetric sacroiliitis characterized by
sclerosis, articular erosions, and the later develop-
ment of bony fusion across the joint. A single AP
pelvis radiograph (Ferguson view) is the most
helpful to confirm suspected sacroiliitis. Additional
radiographic features of ankylosing spondylitis in-
clude progressive vertebral squaring and marginal
sclerosis due to remodeling of the vertebral bodies
and new bone formation. Syndesmophytes (bony
bridging across the annulus of the intervertebral
discs) may develop and, years later, result in the
development of a bamboo” spine (multiple sym-
metrical syndesmophytes giving the radiographic
appearance of bamboo).

Inflammatory Bowel Disease Arthritis

Arthritis may develop in 7 to 20% of patients with
Crohn’s disease or ulcerative colitis, and may in-
volve either the sacroiliac joints or peripheral joints
of the lower extremities.

Inflammatory back pain in such patients may
be secondary to sacroiliitis with spondylitic symp-
toms characteristic of ankylosing spondylitis. Radio-
graphically, these patients have symmetric sacroiliitis
indistinguishable from ankylosing spondylitis.
Inflammatory spondylitis may precede, occur si-
multaneously with, or follow inflammatory bowel
disease (IBD). The clinical course of spondylitis is
independent of the clinical activity of the bowel
inflammation.

Peripheral arthritis in IBD tends to be a lower
extremity, large joint oligoarthritis predominantly
involving knees and ankles. The course of the pe-
ripheral arthritis tends to be episodic, but parallels
the activity of the bowel disease.

Reactive Arthritis (Reiter’s Syndrome)

Reactive arthritis describes the clinical syndrome of
arthritis and extra-articular features sometimes seen
in susceptible individuals following a genitourinary
or gastrointestinal infection. Such patients charac-
teristically have a seronegative (rheumatoid factor
negative) arthritis lasting greater than 1 month asso-
ciated with mucocutaneous, ocular, gastrointestinal
(GI) or genitourinary (GU) manifestations. Muco-
cutaneous features include painless oral ulcers,
balanitis (scaly rash on the glans penis), and kera-
toderma blennorrhagicum (scaly rash on palms and
soles). Ocular features include conjunctivitis (which
may be completely asymptomatic) or uveitis with
ocular redness and photophobia. GI involvement is
typically a dysenteric or diarrheal illness. GU in-
volvement consists of urethritis or cervicitis.

The term Reiter’s syndrome describes the classic
triad of arthritis, urethritis and conjunctivitis. Reac-
tive arthritis is a broader term that doesn’t necessar-
ily require all three features.

Infectious agents most commonly associated
with GU or GI symptoms include Chlamydia, Salmo-
nella, and Shigella species. These agents have not
been cultured from synovial tissues despite the pres-
ence of significant joint swelling and synovitis,
hence the term reactive arthritis.

Like patients with IBD arthritis, peripheral joint
involvement in reactive arthritis is usually an asym-
metric lower extremity oligoarthritis. However, small
joint involvement is also seen in toes and fingers, par-
ticularly with the presence of sausage digits. Further-
more, the arthritis and extra-articular manifestations
may occur at different times.

Symptomatic or radiographic sacroiliitis and
spondylitis are seen in only a minority of patients.

Psoriatic Arthritis

Cutaneous psoriasis (psoriasis vulgaris) is a problem
affecting at least 2% of the population. Psoriatic
arthritis, however, develops in only about 5% of pa-
tients with cutaneous psoriasis. Psoriatic arthritis
usually begins in young adulthood but may occur at
any age. A number of patterns of clinical involve-
ment can be seen with psoriatic arthritis, but the pre-
dominant peripheral expression of arthritis is an
asymmetric oligoarthritis, so typical of the spondy-
loarthropathies. Approximately 50% of patients with
psoriatic arthritis have a lower—upper extremity
oligoarticularthritis. Approximately 30% will have



an asymmetric to nearly symmetric polyarthritis,
which may resemble rheumatoid arthritis. However,
careful examination revealing persistent asymmetry,
DIP joint involvement, sausage digits, and peripheral
enthesopathy (Achilles tendonitis or plantar fasciitis)
strongly suggests a spondyloarthropathy rather than
rheumatoid arthritis. Less commonly, patients with
psoriatic arthritis have sacroiliitis and spinal inflam-
mation (approximately 20%), exclusive DIP involve-
ment in hands and feet (approximately 10%) and,
rarely, severe destruction of the finger joints called
arthritis mutilans (uncommonly seen today).
Sausage digits are frequently seen in psoriatic arthri-
tis and may be very symptomatic or completely
asymptomatic (thus, easily missed if both shoes and
socks are not removed for a careful joint exam).

Extra-articular features of psoriatic arthritis are
essentially confined to the skin and nails. The five
most common site of cutaneous involvement in-
clude the elbows, knees, temporoparietal scalp, um-
bilicus, and intergluteal cleft (these last three sites
can easily be missed if not inspected carefully).

Radiographic features of psoriatic arthritis in-
clude the development of fluffy periosteal new
bone at sites of entheseal inflammation, very char-
acteristic of the spondyloarthropathies. Extensive
and aggressive inflammation at the distal interpha-
langeal joints may result in a classic “pencil in cup”
deformity at the DIP joints of the hands or the IP
joint of the great toe (a favorite site of inflammation
in psoriatic arthritis).

Undifferentiated Spondyloarthropathy

Although four members of the spondyloarthropathy
family are clearly recognized and distinguished, pa-
tients may present with clinical features suggesting
a spondyloarthropathy (seronegative oligoarthritis
and peripheral enthesitis) without additional abnor-
malities allowing a proper name diagnosis. Patients
with such findings are best diagnosed as having an
undifferentiated spondyloarthropathy, with treatment
focused on dominant clinical features.

Principles of Management

Spinal Inflammation

Spinal inflammation involving sacroiliitis and
spinal enthesitis is best managed with a combina-
tion of patient education (increasing understanding
and reducing fear), nonsteroidal anti-inflammatory
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drugs (NSAIDs) to reduce pain and stiffness, devel-
opment of a lifelong daily exercise program (to re-
duce the tendency toward spinal fusion) and, more
recently, the addition of anti-tumor necrosis factor
(anti-TNF) therapy including etanercept, infliximab
and adalimumab, and others.

Peripheral Inflammation

Peripheral inflammation at entheses (Achilles
tendon and plantar fascia and other sites) can best
be managed through patient education, NSAIDs,
and orthotics (heel cushions, arch supports, and
splints to reduce physical stress on inflamed enthe-
ses). Selective, local corticosteroid injections may be
helpful at reducing inflammation at painful enthe-
ses (with the exception of the Achilles tendon and
its insertion, which should not be injected because
of the danger of rupture).

Peripheral inflammation in synovial joints is best
managed with patient education, NSAIDs, joint aspi-
ration, and corticosteroid injection, and the addition of
systemic medication to reduce the inflammatory
process throughout the body. Sulfasalazine (enteric-
coated preparations) can be an especially helpful for
patients with peripheral arthritis. Methotrexate is per-
haps the most widely used, potent anti-inflammatory
and is usually given in weekly oral or parenteral
pulses. More recently, anti-TNF therapy (etanercept,
infliximab, and adalimumab) has been used in pa-
tients with spondyloarthropathy and severe axial and
peripheral inflammation with significant disease-
modifying effects. Long-term follow-up of patients
given these newer biologic therapies (anti-TNF and
other anticytokine therapy) will be required to firmly
establish both their efficacy and toxicity. At present,
the potential for serious infections appears to be the
most significant adverse effect of these agents.

Extra-articular Features

Treatment of extra-articular features in patients
with the spondyloarthropathies should be directed
at the organs involved. Ocular involvement with
uveitis frequently responds to topical and systemic
corticosteroids. GI involvement with inflammatory
bowel disease requires treatment of the underlying
Crohn’s disease or ulcerative colitis. GU involve-
ment with urethritis may be treated with a tetracy-
cline or erythromycin during acute episodes of
reactive arthritis (which appears to have no benefi-
cial effect on the duration and severity of subse-
quent arthritis). Cutaneous psoriasis frequently
responds to topical preparations and especially well
to weekly pulse methotrexate.
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The term juvenile idiopathic arthritis (JIA) collectively
refers to a heterogeneous group of diseases that
occur in childhood with unknown etiology. The
term JIA has recently replaced the American term
juvenile rheumatoid arthritis (JRA) and European
term juvenile chronic arthritis (JCA). Although the
nomenclature continues to evolve, the rationale for
new ILAR (International League of Associations for
Rheumatology) classification is to recognize sub-
groups with enhanced homogeneity and to provide
internationally standardized terminology in order
to facilitate basic and clinical research.

The ILAR classification of JIA includes eight
groups: systemic arthritis, oligoarthritis, extended
oligoarthritis, polyarthritis (RF negative), polyarthri-
tis (RF positive), psoriatic arthritis, enthesitis re-
lated arthritis, and an “other” arthritis category. It is
important to correctly classify the subtype of arthri-
tis as the pertinent differential diagnoses, the prog-
noses, and the complications vary with the mode of
JIA onset. Common to all forms of JIA are the chal-
lenges involved in therapy of a chronic inflamma-
tory condition occurring in growing, developing
individuals. A multidisciplinary approach, includ-
ing physical therapist, occupational therapist, med-
ical social worker, orthopaedist, ophthalmologist,
and rheumatologist, is necessary to ensure the best
possible outcome.

The cause and pathogenesis of the JIA sub-
groups remain unknown. However, evidence sug-
gests that both genetics and environment likely
play a role. The strongest evidence is for linkage
with certain HLA alleles, but increasing evidence
shows non-HLA genes may be important as well.

Differential Diagnosis

Chronic arthritis in children (and many other condi-
tions that present with arthralgia or apparent arthri-
tis) have multiple causes. Essential to the diagnosis
of JIA is the presence of chronic arthritis (longer
than 6 weeks duration), onset before the 16th birth-
day and the exclusion of other conditions by his-
tory, physical examination, and appropriate
laboratory testing. The possibility of malignancy
must always be considered in the evaluation of a
child with joint pain and ruled out with appropriate

studies prior to instituting therapy for the arthritis.
Pain out of proportion to physical findings, cytope-
nia, elevated acute phase response with a normal
or low platelet count, elevations in uric acid and/or
LDH, and abnormalities on radiographs are all
clues that malignancy may be the underlying cause
of the joint symptoms. Giving corticosteroids to a
child with occult malignancy can dramatically
worsen outcome and should absolutely be avoided.
Neuroblastoma and lymphoid malignancies are the
most common neoplasms that present as arthritis in
children.

Infection must also be considered in a child
with arthralgia or arthritis. Analysis of synovial
fluid is mandatory in cases in which septic arthritis
is a diagnostic possibility. Other infectious causes of
arthritis include Lyme disease and tuberculosis. Be-
yond malignancy and infection, the differential di-
agnosis is still extensive, including trauma, reactive
arthritis, acute rheumatic fever, transient synovitis
of the hip, hemophilia, inflammatory bowel dis-
ease, bacterial endocarditis, viral infections, serum
sickness, lupus, dermatomyositis, metabolic disor-
ders, among others. Growing pains, or benign limb
pains, are common in school-aged children. These
poorly localized pains usually occur in the lower
extremities in the evening or at night and normally
last a few days to weeks. Severe pain, altered gait,
morning stiffness, and abnormalities on physical
examination such as joint swelling suggest consid-
eration of alternative diagnoses, including JIA.

Clinical Characteristics

Several features distinguish JIA from adult RA. In-
flammatory arthritis in children (particularly younger
children) is much less likely to present with com-
plaints of pain, even when there is easily demonstra-
ble inflammatory arthritis on examination. Like
adults, children with chronic arthritis may develop
destructive bony changes and soft tissue flexion
contractures. Children, however, are much more
prone to develop ankylosis of peripheral joints and
the cervical spine. Growth disturbances can result
from suppression of linear growth by inflamma-
tory disease and premature epiphyseal closure. Al-
ternatively, chronic inflammation can cause boney



overgrowth due to enhanced blood supply to an
open epiphysis. Only a minority of JIA patients are RF
positive, and virtually all of these have polyarticular
involvement at presentation.

Persistent Oligoarthritis and Extended
Oligoarthritis

Oligoarthritis (also known as pauciarticular JRA)
is the most common form of JIA. This designation is
utilized for children with up to four joints affected
within the first 6 months of disease onset. Typically,
the large joints are affected. In about half of pa-
tients, the disease is limited to a single joint, most
often the knee. Elbows and ankles are also com-
monly involved. This presentation often afflicts
young girls, with a peak age of onset at about 2
years of age. These girls have a high incidence of
concomitant inflammatory eye disease (uveitis) as
well as serum ANA. Uveitis is typically asympto-
matic in oligoarthritis.

Joint symptoms in pauciarticular disease are
often mild and of insidious onset. The patient may
present to the pediatrician for evaluation of abnor-
mal gait or a reluctance to walk or play. These pa-
tients do not appear systemically ill. Undiagnosed
or untreated disease may result in (and present
with) muscular atrophy and joint contractures, par-
ticularly of the knee. As with other subtypes of JIA,
growth disturbances of variable degree occur, de-
pending on severity of disease, age of affliction, and
duration of joint inflammation. Most patients per-
sist with an oligoarticular course and are classified
as “persistent oligoarthritis.” However, a subset may
go on to develop additional joint involvement over
time. Those patients that develop a polyarticular
course after the initial 6 months of oligoarthritis are
classified as “extended oligoarthritis.”

Polyarthritis (Rbeumatoid Factor Negative)

Children have five or more joints involved dur-
ing the first 6 months of their illness and do not have
circulating serum rheumatoid factor. Patients often
present with a gradual onset of symptoms: decreased
activity, morning stiffness, joint swelling, and occa-
sionally joint pain. Girls are most commonly af-
fected. Both large and small joint involvement may
be seen. Systemic symptoms occur, but are generally
mild. Low-grade fever, fatigue, and poor appetite
may occur for weeks or months before diagnosis. Ex-
amination reveals proliferative synovitis and effu-
sions and often loss of range of motion. Mild
adenopathy or hepatosplenomegaly is sometimes
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present. Chronic uveitis occurs less frequently than
in the oligoarthritis category. JIA polyarthritis pa-
tients demonstrate a striking tendency for ankylosis
of joints, particularly of the cervical spine.

Polyarthritis (Rbeumatoid Factor Positive)

Patients may also present with a gradual onset
of symptoms but many present with acute pol-
yarthritis. Girls are most commonly affected, and
both large and small joint involvement may be seen.
Low-grade fever, fatigue, and poor appetite are
often present. Examination reveals proliferative syn-
ovitis and joint effusions often with decreased range
of motion. Mild adenopathy or hepatosplenomegaly
may be present. Chronic uveitis is rare. These pa-
tients often have a persistent destructive arthropa-
thy and associated subcutaneous rheumatoid
nodules. This small group of patients represents the
onset in childhood of classic adult RA.

Systemic Arthbritis

Systemic onset of JIA (Still’s disease) occurs in
approximately 10% of cases. This diagnosis can be
quite difficult to make, as the inflammatory arthritis
is not always present on initial evaluation. These
children present with high fever, malaise, and rash.
The fever pattern in Still’s disease is classically quo-
tidian, with one or more daily spikes to the 38.8°C
to 40.5°C (102°F to 105°F) range, followed by a re-
turn to normal or occasionally subnormal tempera-
tures. The rash is often present only during fever
spikes or after a hot bath, when it transiently ap-
pears as a fine, salmon-colored, macular eruption of
the trunk, proximal extremities, and skin overlying
affected joints. Most patients have adenopathy and
hepatosplenomegaly and are found to have moder-
ate to severe anemia and a striking neutrophilic
leukocytosis. Other manifestations of systemic onset
disease may include pericarditis, myocarditis, pleu-
ral effusion, and interstitial lung disease. Renal dis-
ease is rare. Other important considerations in the
differential diagnosis include infections (particu-
larly osteomyelitis and abdominal abscesses), in-
flammatory bowel disease, and malignancy. RF and
ANA are usually absent, and diagnosis is made on
the basis of clinical findings.

Psoriatic Arthritis

Children with psoriatic arthritis may have ei-
ther psoriasis and arthritis, or arthritis plus two of
the following: dactylitis, nail changes (pitting or
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onycholysis), or dermatologist-confirmed psoriasis
in a first-degree relative. Generally, there are no as-
sociated systemic symptoms and the number of
joints involved is variable. Rheumatoid factor is ab-
sent by definition. Psoriatic arthritis has a variable
course but can be quite destructive.

Entbesitis-Related Arthritis

These patients are generally boys, who are older
than 9 years and often have a family history of
HLA-B27 spondyloarthropathy in a 1st or 2nd de-
gree relative.

For diagnosis, patients have both enthesitis and
arthritis. Or alternatively, they have only arthritis
or only enthesitis plus two of the following: sacroil-
iac joint tenderness, presence of HLA-B27, a close
relative with a spondyloarthropathy, symptomatic
anterior uveitis, or, if male, onset of arthritis before
8 years.

Other Arthritis

Patients not fitting the seven categories or with
features of two or more of the categories, make pre-
cise classification impossible. Future revisions of
the ILAR criteria and further advances in establish-
ing etiology will likely occur.

Course, Complications, and Prognosis

Considerable variability is found in the severity,
prognosis, and the responsiveness to therapy of JIA.
Patients with oligoarthritis (pauciarticular disease)
generally have milder synovitis and a better progno-
sis. However, 10 to 15% of patients with oligoarthri-
tis later progress to polyarticular disease. Children
with oligoarthritis may develop significant disabil-
ity due to joint contractures and muscular atrophy,
even with control of inflammatory arthritis activity.
One cannot overemphasize the importance of physi-
cal therapy in the management of these patients.
Polyarticular disease has a variable prognosis.
Patients with RF often develop progressive disease
extending into the adult years, and develop signifi-
cant disability in the absence of effective therapy.
New anticytokine therapies have brightened the
long-term outcome for patients with polyarticular
(both RF positive and RF negative) disease.
Patients with systemic onset generally recover
from the acute systemic illness without major se-
quelae, but synovitis with either oligoarticular or
polyarticular pattern may then persist. A subset

develop persistent treatment-resistant arthritis.
Mortality from JIA is rare but does occur. The vast
majority of the deaths occur in children with sys-
temic onset disease. Macrophage activation syn-
drome (MAS) is a rare form of the hemophagocytic
lymphohistiocytosis syndrome, and when it oc-
curs it is a life-threatening complication of the dis-
ease. Viral infections and drugs have been implicated
in the onset of MAS. These children become rap-
idly ill with fever, worsening adenopathy, organo-
megaly, petechiae, and bleeding. ESR rapidly falls
and pancytopenia is present. The ferritin level is
often markedly elevated. This complication needs
prompt recognition and treatment.

Ocular Complications

Eye involvement occurs in nearly a quarter of
children with JIA and is typically asymptomatic at
onset. This is most common in oligoarthritis pa-
tients but may be seen in up to 10% of rheumatoid
factor negative polyarthritis patients, and rarely in
systemic-onset patients. A chronic anterior uveitis
occurs most commonly in young girls who are
ANA positive. Insidiously progressive disease may
result in posterior synechiae with resultant pupil-
lary abnormalities. Occasionally band keratopa-
thy may be seen. Loss of vision results from the
development of secondary glaucoma, cataracts,
and keratopathy. Early detection and treatment are
essential to improving the outcome of JIA-associ-
ated uveitis. The eye disease is usually asympto-
matic at onset. Patients with oligoarthritis should
be seen by an ophthalmologist at least every 3
months during the first 2 to 3 years of disease, and
then every 6 months for several more years. There
is no correlation between the severity of arthritis
and risk for development of uveitis. In addition,
children with enthesitis-related arthritis may de-
velop anterior uveitis, but it is typically sympto-
matic, presenting as a red, painful eye with or
without photophobia.

Growth Disturbances

Children with chronic inflammatory disease of
any type may have generalized inhibition of growth
and subsequent short stature. Occasionally, periar-
ticular hyperemia results in premature epiphyseal
fusion with resultant shortening of the affected ex-
tremity. Prolonged hyperemia may at times cause
accelerated bone growth. Leg length discrepancies
are the most common orthopaedic sequelae of JIA
and can be severe. Temporomandibular Joint (TM])



involvement may result in a shortened mandible
and micrognathia. This may result in disturbances
of speech and chewing, in addition to the cosmetic
alteration. Surgery may be complicated by difficul-
ties with endotracheal intubation particularly in pa-
tients with associated cervical spine fusion.

Hip disease is unusual at onset of JIA, but is
commonly seen later in patients with polyarticular
disease. Muscle spasm and disuse may result in
flexion contracture. Hip involvement in early child-
hood may contribute to valgus deformity of the
femoral neck, persistent femoral anteversion, and
dysplasia of both femoral head and acetabulum.
Postoperative ectopic bone formation occasionally
complicates surgical management of severe disease.
Nonetheless, joint replacement can be successful in
patients with disabling, end-stage disease. Knee in-
volvement typically results in flexion contracture.
Associated leg length discrepancy and hip disease
may also contribute to development of contracture
as well as genu valgus. Secondary scoliosis may
occur. In the hand and wrist, deformities similar to
adult rheumatoid arthritis are seen, although ulnar
deviation at the wrist and radial deviation at the
MCP joints is common. Additionally, some patients
develop extensive fusion of carpal bones. Ankles
and feet are similarly prone to fusion, particularly at
the subtalar joint. Complex foot deformities may be
seen as a result of soft tissue damage and growth
disturbances.

Management

Essential to optimal outcome in JIA is the early di-
agnosis and prompt institution of treatment. As our
arsenal of therapeutic agents grows and is utilized
appropriately, we are likely to see long-term out-
comes continue to improve.

NSAIDs are the most commonly used drugs in
the treatment of JIA. They control pain, swelling, and
stiffness, but have no effect on the long-term out-
come. NSAIDs approved by the U.S. Food and Drug
Administration for use in childhood include aspirin,
ibuprofen, naproxen, and tolmetin sodium. Other
NSAIDs are used for patients who cannot tolerate the
FDA-approved NSAIDs. Ibuprofen, naproxen, and
several salicylate preparations are available in liquid
form. Aspirin has a long historical record of use in
JIA but its use has decreased markedly due to the
risk (albeit very slight) of Reye syndrome, the poten-
tial for drug toxicity, and the availability of other ef-
fective drugs. Salicylates (if used) should be
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promptly discontinued in JIA patients with concomi-
tant influenza or varicella infections. Most children
with JIA do not do well on an NSAID alone and re-
quire additional therapeutic intervention for maxi-
mum control of their disease.

In oligoarticular disease, intra-articular corticos-
teroids and/or anti-malarial drugs are frequently
utilized along with regular physical therapy. Sys-
temic corticosteroids are reserved for refractory cases
of JIA and are particularly useful in the treatment of
severe systemic JIA. The lowest possible dose
should be used.

Methotrexate is commonly used in children
with multiple joints involved. Increasingly, biologic
agents are being utilized that block a particular pro-
inflammatory cytokine. Children with severe pol-
yarticular arthritis who fail or have an incomplete
response to methotrexate are candidates for treat-
ment with this class of agents. These drugs must
still be used with caution, as their long-term safety
has not yet been demonstrated.

Up to 10% of children with JIA seen in a pedi-
atric rheumatology center require surgical inter-
vention, and the specific procedures used are
reviewed more extensively in the references. Chil-
dren with severe JIA have significant osteoporosis
and can experience spontaneous fractures. JIA pa-
tients require surgical intervention when medical
and physical therapy (e.g., splinting, casting) are
not sufficient to control pain, improve contracture,
or correct deformity. The most common procedure
in JIA patients is soft tissue release, particularly of
the knee or hip. Occasionally, synovial biopsy may
be necessary for diagnostic reasons. Synovectomy
can be helpful for the child with severe pain or loss
of function and is most commonly required for the
knee in oligoarthritis patients. Arthroscopy can be
performed, but the presence of severe pericapsular
contracture may decrease distensibility and visibil-
ity of the joint. Severe bone ankylosis may require
a corrective osteotomy to improve joint position.
Joint replacement is a well-established treatment
of end-stage JIA. Children with severe JIA are
often smaller and lighter than other children of the
same age, and the joint prosthesis may need to be
custom made.

Careful preoperative medical and anesthetic
evaluation is necessary in all children. Children on
systemic corticosteroid therapy need intravenous
stress corticosteroid coverage and are at greater risk
of infection. Involvement of the cervical spine,
TM]Js, and cricoarytenoid joints can make airway
management difficult.
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Infectious Arthritis
Facob W IFdo

Infectious agents have been demonstrated to play an
etiologic role in the initiation and propagation of
some acute and chronic arthritides. Symptoms sug-
gesting a possible infectious arthritis need to be eval-
uated promptly and treated appropriately, because
failure to recognize infectious arthritis may result in
avoidable catastrophic joint destruction. However, in
reactive arthritis, the interaction of a genetic suscepti-
ble background, especially HLA-B27, with certain in-
fectious agents (e.g., Campylobacter, Chlamydia,
Clostridium, Salmonella, Shigella, or Yersinia) may
result in inflammatory reactive arthritis. In these in-
stances bacterial DNA may be found in joint fluid or
tissue using PCR, but cultures remain negative. This
section discusses infectious arthritis based on the dif-
ferent causes: bacterial, fungal, and viral.

Acute Septic Arthritis

Risk Factors

Nongonococcal bacterial arthritis can quickly
progress to a destructive acute arthritis. Direct in-
vasion of the joint by pyogenic bacteria may occur
through inoculation, or by contiguous spread from
soft tissue infection or from osteomyelitis. In the
primary care setting, the majority of cases arise
from hematogenous spread to the joint. Common
predisposing factors include injection drug use,
in-dwelling catheters, and underlying immuno-
compromised states such as HIV infection, alco-
holism, diabetes mellitus, malignancy, allogeneic
transplants, chronic inflammatory arthritis, or con-
comitant use of immunosuppressive medications.
Immuno-compromised patients may display few
symptoms of infection, making the clinical diagno-
sis of septic arthritis difficult. Orthopedic surgeons
are more likely to be confronted with joint infec-
tions as a result of trauma or surgical procedures.
Examples include penetrating injury, introduction
of a foreign body into a joint, arthroplasties, or total
joint replacements. Late infections of prosthetic
joints, albeit rare, may be the result of contamina-
tion at the time of surgery, or due to bacterial seed-
ing during a bacteremic episode.

Microbiology

The major pathogens of nongonococcal septic
arthritis of native joints are Gram-positive cocci

(in 75% of all cases), whereas Gram-negative organ-
isms are the second most common (15 to 20%).
Staphylococcus aureus is the most common cause,
both in native and prosthetic joints. Streptococci, in-
cluding pneumococci, are the second most common
Gram-positive bacteria isolated. Staphylococcus epi-
dermidis is commonly encountered in prosthetic
joints but rarely seen in native joint infections. In in-
travenous drug abusers or patients with comorbidi-
ties, such as in the elderly, Gram-negative organisms
including Escherichia coli, Proteus spp., and Serratia
spp., may be more commonly encountered.

Clinical Features

Acute septic arthritis is a medical emergency.
Delay in initiating therapy may lead to joint destruc-
tion. Acute septic arthritis usually presents with
joint swelling, warmth, pain, erythema, and loss of
function. Although usually a single joint is affected
(in about 80% of the cases), multiple joints can be in-
fected, especially in immuno-compromised patients.
Sudden onset of monoarticular arthritis should be
considered septic until proven otherwise. The large
weight-bearing joints, especially the knees, are most
commonly involved. Ankles, shoulders, elbows, and
wrists are other commonly affected sites. In a patient
with known inflammatory polyarthritis, such as
rheumatoid arthritis, the sudden worsening of a sin-
gle joint out of proportion to disease activity in the
other joints should suggest the possibility of septic
arthritis. Nonarticular infection, such as cellulitis,
pneumonia, dental abscess, or urinary tract infec-
tions, are often the distant source for bacterial seed-
ing of joints.

Constitutional signs and symptoms, when pres-
ent, are helpful in suggesting an infection but in
themselves are nonspecific, as are general labora-
tory studies. An elevated ESR is common. Leukocy-
tosis occurs in up to two-thirds of patients. Plain
radiographs are usually normal early in infectious
arthritis, except perhaps for evidence of soft tissue
swelling or joint effusion. Nevertheless, joints with
suspected infection should be radiographed at
presentation, since a baseline study is useful in in-
terpretation of subsequent examinations. Periartic-
ular osteopenia may be seen but is nonspecific.
Joint space narrowing due to cartilage destruction
may occur in days to weeks without appropriate
treatment. Subchondral bone destruction is a late



finding. Contiguous osteomyelitis is a late but
grave complication. Radionuclide imaging tech-
niques, such as technetium gallium, or indium
scans, may aid diagnosis of septic arthritis in joints
difficult to aspirate, such as intervertebral, sacroil-
iac, or hip joints.

Laboratory Findings

The diagnosis of acute septic arthritis must be
confirmed by arthrocentesis with synovial fluid
analysis and culture. Synovial fluid is usually pu-
rulent, with greater than 50,000 cells/ mm® and
over 80% polymorphonuclear leukocytes. Initial
leukocyte counts, however, may be only minimally
elevated. In immuno-compromised hosts, leuko-
cyte counts in synovial fluid may remain low or
even normal. In cases with low or normal leuko-
cyte counts, repeat arthrocentesis in 12 to 24 hours
may demonstrate rising counts. A high leukocyte
count in itself is not pathognomonic, since high
counts may be seen in nonseptic inflammatory
arthritis, especially crystal-induced arthritis or Re-
iter’s syndrome. Identification of crystals, how-
ever, does not rule out septic arthritis, because
both entities may occur simultaneously. The defin-
itive diagnosis requires demonstration of the
causative bacteria on Gram’s stain, by culture, or
both. The main reason for false-negative culture
results are prior use of antibiotics and the special
growth requirements of some fastidious microor-
ganisms. In those cases the use of PCR may be ex-
tremely helpful. Although the utility of this
sensitive technique is still being defined, DNA de-
tection of Neisseria gonorrhoeae and Mycoplasma
spp- has been shown to be useful when cultures re-
mained negative.

Treatment

Prompt treatment will eradicate the infection,
speed recovery, and reduce morbidity. Antibiotic
treatment based on a presumptive diagnosis of
septic arthritis should be initiated after arthrocen-
tesis and collection of samples for microbiologic
studies. The choice of antibiotic is guided by the
history, clinical presentation, and results of the
Gram’s stain. If the Gram’s stain of the synovial
fluid reveals Gram-positive cocci, cefazolin or
vancomycin are preferred choices. If there are
Gram-negative organisms, a third generation
cephalosporin is indicated. If Pseudomonas aerugi-
nosa is suspected (in patients with injection drug
use), ceftazidime with an aminoglycoside is the
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first choice. If a young, otherwise healthy, sexu-
ally active person presents with tenosynovitis
and migratory joint pain, without any visible bac-
teria on Gram'’s stain, therapy against presump-
tive gonococcal infection may be appropriate (see
next section).

Frequent drainage of the infected joint space
will hasten eradication of the infection. Surgical
drainage may be indicated if repeated aspirations
are technically difficult. Although antimicrobial
therapy needs to be tailored to the individual pa-
tient, typically, intravenous antibiotic therapy is
given for 2 to 4 weeks followed by oral therapy for a
total course of treatment of 4 to 6 weeks, depending
on the severity of the infection. In prosthetic joints,
therapy may be even more protracted.

Gonococcal Arthritis

In contrast to nongonococcal septic arthritis, the
typical patient who develops gonococcal arthritis is
frequently young and healthy. Infectious arthritis
due to N. gonorrhoeae follows dissemination from a
primary site, such as urethra, cervix, rectum, or
pharynx. The clinical course is classically biphasic.
The first stage is characterized by migratory pol-
yarthralgias, polyarthritis, or tenosynovitis. Multi-
ple vesiculopustular skin lesions that develop
necrotic centers may be seen. Cultures from these
skin lesions and from blood are often positive for N.
gonorrhoeae during this stage. Untreated, the patient
may develop the second stage, in which infection
settles into one or a few joints, which become puru-
lent. Cultures from purulent joints are positive only
one-quarter of the time because N. gonorrhoeae is a
fastidious organism and difficult to grow. Patients
with suspected gonococcal infection should have all
possible sites examined and cultured, including
pharynx, rectum, blood, cervix in women, and ure-
thra in men. Special transport media should be used
if samples will be delayed in reaching the microbi-
ology laboratory.

Treatment consists of ceftriaxone IV or IM until
resolution of symptoms followed by a 2 weeks of
oral cefuroxime or a quinolone. However, quinolone-
resistant strains are common in Asia and the Pacific
and are also increasingly noted in Hawaii and Cali-
fornia, so quinolones are no longer appropriate in
these areas. Concurrent treatment for Chlamydia tra-
chomatis with doxycycline for 7 days is mandatory.
Sexual partners should be traced and offered treat-
ment as well.
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Mycobacterial Arthritis

Mpycobacterium Tuberculosis

Tuberculous arthritis should be considered in
the differential diagnosis of chronic monoarticular
and pauciarticular arthritis at any age. The arthritis
is frequently insidious in onset. It tends to appear
“cold,” lacking the usual signs of active inflamma-
tion, especially erythema and heat. Pott’s disease,
tuberculous involvement of the spine, classically in-
volves the thoracolumbar junction. Anterior de-
struction of vertebral bodies and disks eventually
leads to angulation of the spine and kyphosis (gib-
bous deformity). Although constitutional signs of
tuberculosis (e.g., fever, malaise, and weight loss)
may be present, active pulmonary tuberculosis is
rare. A history of past infection may be absent. A
positive skin test for tuberculosis is helpful, al-
though a negative test in the presence of anergy
does not rule out the diagnosis. Diagnosis is based
on finding acid-fast bacilli in synovium or synovial
fluid or caseating granulomas in biopsied syn-
ovium. A CT-guided biopsy of inaccessible sites
may be required. Synovial fluid or tissue cultures
are positive 90% of the time. Tuberculosis and its
complications should be considered in patients
with AIDS or with a history of immigration from an
endemic area. In addition, reactivation of latent tu-
berculosis may occur as a result of treatment with
corticosteroids or tumor necrosis factor-a (TNF-«)
antagonists. Tuberculous arthritis is usually due to
hematogenous spread, and thus active disease else-
where needs to be investigated. Poncet’s disease is
defined as reactive arthritis during active tuberculo-
sis, most commonly seen as polyarticular arthritis
of the hands and feet, while cultures of synovial
fluid remain negative. Improvement ensues with
antituberculous medication. Antimicrobial treat-
ment of tuberculous arthritis or osteomyelitis is the
same as for pulmonary tuberculosis.

Nontuberculous Mycobacteria

Atypical mycobacterial joint infection can
mimic tuberculous arthritis. The most common
strains include M. marinum, M. kansasii, and M.
avium intracellulare. Infections are indolent. Diagno-
sis is made by the demonstration of the organism in
the synovial fluid or tissue. Delay of diagnosis up to
a year or more is not uncommon. Most nontubercu-
lous mycobacterial joint infections are due to local
trauma, surgery or intra-articular injection. Treat-
ment may require surgical debridement for both

diagnosis and therapy, especially for the closed
spaces of the hand and the wrist and for infections
of long bones, in addition to specific drug therapy.

Mycobacterium Leprae

Of all cases of leprosy diagnosed in the United
States, more than 85% of patients are immigrants.
The six countries with the highest incidence of lep-
rosy include Brazil, India, Madagascar, Mozam-
bique, Myanmar, and Nepal. Lepromatous leprosy
may present with polyarthralgia or polyarthritis.
Erythema nodosum leprosum is an associated find-
ing and consists of nodules on the legs, arms, or
trunk. Malaise and fever may occur. Swollen hands
syndrome is another presentation of leprosy. Thick-
ening of peripheral nerves and typical skin changes
suggest the diagnosis. Chronic erosive arthritis may
resemble rheumatoid arthritis and improves with
treatment of the leprosy. A classic finding in the late
stages of leprosy is the Charcot joint as a result of
sensory neuropathy with repeated minor trauma.
The diagnosis is made by identifying M. leprae in as-
pirates of skin lesions or biopsy specimens. M. lep-
rae may be found in synovial and periarticular
tissues. Combination therapy of several drugs with
activity against M. leprae has replaced monotherapy
with dapsone.

Sypbhilis

Although rare as a cause of arthritis, secondary
syphilis can cause inflammatory polyarthritis that
can be confused with many other joint diseases
such as rheumatoid arthritis, SLE, and sarcoidosis.
Syphilis is suspected if there is a concomitant macu-
lopapular rash on the palms and soles. Other char-
acteristics may include a systemic illness with fever,
lymphadenopathy, sore throat, and mucosal ulcers.
The arthritis is symmetric and involves predomi-
nantly the lower extremities. Treponema pallidum
spirochetes cannot be grown from human speci-
mens in vitro, and hence cultures of joint fluid are
negative. The diagnosis relies on serology (RPR or
VDRL) and a confirmatory FTA-ABS.

“Saber shins” are a classic manifestation of con-
genital syphilis. The congenital form of syphilis is a
severe, disabling, and often life-threatening condi-
tion, and occurs when the mother is infected and
transmits the pathogen to her unborn infant. Perina-
tal mortality is high. Infants develop early stage and
late-stage symptoms of syphilis if not treated. Early
stage symptoms include irritability, failure to thrive,



and fever. Bony abnormalities include osteochondri-
tis, osteomyelitis, osteitis, and periosteitis. In older
children, painless effusions, especially of the knees,
may occur. In acquired primary syphilis, transient
bone pain of a boring nature may be prominent. The
tibia, humerus, and cranium are most frequently in-
volved, but radiographs are normal.

In secondary syphilis, pain and tenderness with
overlying soft tissue swelling may be seen in super-
ficial bones, such as anterior tibia, sternum, ribs,
and skull. Symptoms and signs are variable but
characteristically worse at night. Proliferative pe-
riosteitis is the most common radiographic change.
It is associated with new bone formation that may
be extensive, resulting in marked cortical thicken-
ing. The tibia, sternum, ribs, and skull are most sig-
nificantly involved, but changes may also be seen in
the femur, fibula, clavicle, hands, and feet. Pe-
riosteitis in the adult that involves both clavicles or
tibiae is frequently syphilitic. Destructive bony le-
sions suggest syphilitic osteomyelitis or osteitis, but
these are less common than periosteitis. Areas of
lysis may be seen.

Tertiary syphilis may be complicated by gum-
matous osseous lesions. The lesion pathologically
resembles a tubercle with necrosis of adjacent bone.
Lytic and sclerotic areas of bone may reach large
size and may be associated with pathologic frac-
ture. Periosteitis adjacent to gummatous lesions is
frequent. Nongummatous osseous lesions that con-
sist of periosteitis, osteitis, or osteomyelitis may
occur in conjunction with or in the absence of gum-
matous bony lesions. Charcot joints, characteristi-
cally of the knees, result from loss of proprioception
due to tabes dorsalis in tertiary syphilis. Hip, ankle,
shoulder, elbow, spine, and other joints may be af-
fected as well in tabes dorsalis.

Lyme Disease

Lyme disease is a systemic illness caused by the
spirochete Borrelia burgdorferi. The geographic distri-
bution of Lyme disease is dictated by the presence of
the vector. In the Northeast and upper Midwest,
transmission occurs by the tick Ixodes scapularis or
deer tick. Although Lyme disease has been reported
in most states, more than 90% of all cases in the
Unites States are seen in only eight states: Massachu-
setts, Rhode Island, Connecticut, New York, New
Jersey, Pennsylvania, Minnesota, and Wisconsin.
Transmission in western states occurs by Ixodes paci-
ficus (black-legged tick), while Ixodes ricinus is re-
sponsible for transmission in Europe. Normally
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ticks require up to 4 to 5 days to feed to completion
and transmission of the organism occurs most effi-
ciently after 48 hours. Ticks removed within 24
hours of attachment will not have transmitted the
spirochete. Discovery and removal of an engorged
tick on the day following outdoor activities in an en-
demic area is sufficient to prevent Lyme disease in
most cases, provided that a “total body tick check” is
performed. Less than 50% of patients ever recall a
tick bite.

Clinical manifestations of Lyme disease include
early localized, early disseminated, and late dis-
ease. Early localized disease includes the typical ery-
thema migrans, or bull’s eye rash, which occurs in
about 80% of Lyme disease patients and within one
month of the tick bite. The rash (usually more than 3
to 5 cm) should not be confused with the small local
reaction (just a few mm), which occurs at the site of
any bite. The diagnosis of this stage is made by the
combination of the typical history and the rash.

The early disseminated phase occurs in several
weeks to a few months and is characterized by dis-
seminated skin lesions at sites other than the tick
bite, cardiac disease, and neurologic involvement.
This phase represents systemic infection. Spiro-
chetes may be present in the skin, in cardiac tissue
(leading to conduction block), and central nervous
system (Bell’s palsy).

Late disease is seen months after the initial infec-
tion. Most frequently it consists of a monoarthritis
of the knee, but other large joints can be involved.
Patients with Lyme arthritis are usually strongly
seropositive. Episodes of joint inflammation may
recur several times with disease-free intervals, but
the ultimate outcome is favorable with eventual
resolution of the inflammation over the course of
several years. Late neurologic symptoms are desig-
nated as tertiary neuroborreliosis in analogy with
tertiary neurosyphilis. Patients with neuroborrelio-
sis are strongly seropositive. Features include en-
cephalopathy, neurocognitive dysfunction, and
peripheral neuropathy. Neuroborreliosis is rela-
tively rare, especially because most patients are
now correctly diagnosed and treated early within
the disease course.

Laboratory confirmation of a clinical suspicion
of Lyme disease is obtained by ELISA. Positive or
equivocal ELISA results are confirmed by im-
munoblot, because significant false positive ELISA
results are due to other (spirochetal) infections (i.e.,
relapsing fever, syphilis, Epstein-Barr virus) and
other autoimmune diseases (i.e., rheumatoid arthri-
tis and SLE). A positive Lyme test includes a positive
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ELISA and a positive immunoblot consisting of at
least two of three bands for IgM (23, 39 and 41 kD),
or five of ten bands for IgG (18, 21, 28, 30, 39, 41, 45,
58, 68, 93 kD). Note that a positive IgM immunoblot
can only be used to support the diagnosis within 4
weeks of onset of clinical disease. Laboratory testing
in the setting of early disease is not recommended
because of a high rate of false-negative results, but
treatment should be initiated promptly.

Treatment of early localized Lyme disease con-
sists of 3 weeks of 100 mg orally 2 times a day doxy-
cycline, or amoxicillin 500 mg 4 times a day. Early
disseminated or late Lyme disease requires 3 weeks
of a third generation cephalosporin intravenously.

Brucella Arthritis

The organism of brucellosis is transmitted to hu-
mans from infected animals or through the inges-
tion of untreated milk or milk products; raw meat
and bone marrow have also been implicated. Other
portes d’entrée include skin abrasions and conjunc-
tiva or by inhalation during contact with animals,
especially by slaughterhouse workers, farmers, and
veterinarians. Aerosolized B. melitensis is consid-
ered an agent of biological warfare.

Most countries of mainland Europe and Japan
are free of brucellosis. However, it is suggested that
even in developed nations, the true incidence of
brucellosis may be up to twentyfold higher than of-
ficial incidence numbers. In the United States, about
200 new cases are reported every year, but only a
fraction of cases are recognized and reported. Con-
sumption of imported cheese, travel abroad, and
occupational exposures are the most frequently
identified sources of infection. Brucellosis has many
synonyms depending on geographical area (e.g.,
Mediterranean fever, Malta fever, etc). Four species
can cause human brucellosis: Brucella melitensis (the
most common cause of brucellosis) and is acquired
primarily from goats and sheep; B. abortus from cat-
tle; B. suis from hogs; and B. canis from dogs.

The clinical features of brucellosis are those of
an acute febrile illness and are not specific for bru-
cellosis. Acute infection is associated with bac-
teremia, fever, myalgias, polyarthralgia, headache,
and general malaise. Most commonly, brucella
arthritis is monoarticular and involves the large
weight-bearing joints of the lower extremities. How-
ever, 30 to 40% of patients have reactive asymmetric
polyarthritis involving the knees, hips, shoulders,
and sacroiliac and sternoclavicular joints. Infection

with brucella organisms commonly causes os-
teomyelitis of the lumbar vertebrae, starting at the
superior endplate and occasionally progressing to
involve the entire vertebra, disc space, and adjacent
vertebrae. Extraspinal brucella osteomyelitis is rare.
In brucella septic arthritis and osteomyelitis, the pe-
ripheral white cell count is typically normal, while
the erythrocyte sedimentation rate may be either
normal or elevated. Diagnosis is based on a positive
culture or on a rising or high brucella antibody titer.
Cultures of synovial fluid are positive in about 50%
of cases. Radiologic investigations aimed at detect-
ing skeletal involvement include plain radiography,
bone scintigraphy, CT, and MRI. Bone scintigraphy
is more sensitive than conventional radiography in
detecting areas of spinal and extraspinal involve-
ment, particularly in the early stage of infection.
Plain lateral radiography of the spine may reveal
bone sclerosis, with destruction and erosion of the
superior end plate anteriorly. As the disease pro-
gresses, healing with osteophyte formation and re-
duction of disc space may take place.

Monotherapy for brucellosis has now been re-
placed by combination therapy because of the high
rates of failure and relapse and the potential devel-
opment of antibiotic resistance. Combination ther-
apy lasting less than 8 weeks has also been
associated with high rates of relapse. The combina-
tion of doxycycline and an aminoglycoside for 4
weeks followed by the combination of doxycycline
and rifampin for 4 to 8 weeks is the most effective
regimen.

Fungal Arthritis

Most fungal joint infections are insidious in onset,
have an indolent course, and are associated with
mild inflammation. Diagnosis is often delayed and
frequently the only laboratory finding is a positive
culture. Septic arthritis caused by Candida albicans is
rare and is usually due to direct inoculation or
hematogenous spread. C. albicans is a rare cause of
infection in prosthetic joints (< 1%). In adults dis-
seminated candida infections are usually related to IV
drug abuse or severe illness requiring intensive care
and the use of multiple broad-spectrum antibiotics, or
associated with chemotherapy or immunosuppres-
sive medication. Treatment includes amphotericin B,
ketoconazole, and fluconazole.

Primary pulmonary infection with Blastomyco-
sis dermatitidis can lead to hematogenous spread
and skeletal infection, including osteomyelitis and



arthritis. Osteomyelitis has a predilection for verte-
bral sites and ribs, and can mimic tuberculous infec-
tion. Large joint arthritis such as the knee can be
acute, usually in the setting of pulmonary disease or
cutaneous infections. Diagnosis is confirmed by cul-
ture and treatment options include amphotericin B,
ketoconazole, and itraconazole.

Coccidioidomycosis occurs in the southwestern
United States and is caused by Coccidioides immitis.
It may present with erythema nodosum, periarthri-
tis, and bihilar lymphadenopathy. This triad is also
seen in sarcoidosis (known as Lofgren syndrome),
and therefore, the two entities must be differenti-
ated. In coccidioidomycosis, the triad is a hypersen-
sitivity reaction to primary infection and resolves
spontaneously within weeks. Persistent arthritis is
uncommon, resulting from hematogenous spread
or extension from contiguous osteomyelitis. The
most commonly involved joints are knee, wrist and
hand, ankle, elbow, and foot, in order of decreasing
frequency. Arthritis progression is slow and indo-
lent. Diagnosis is by synovial biopsy and culture.

Sporotrichosis due to Sporothrix schenckii typi-
cally occurs in agricultural or mine workers or in
gardeners after minor skin trauma. Disease usually
presents as a painful erythematous cutaneous nod-
ule and spreads by local extension and via the lym-
phatic system. Indolent arthritis occurs rarely and
involves the knee, hand, wrist, or ankle, in order of
decreasing frequency. About half the patients have a
monoarthritis. Alcoholism or myeloproliferative
disease predisposes to infection. Diagnosis is by
synovial histology and culture.

Cryptococcus neoformans spreads hematogenously
and may seed the central nervous system and can re-
sult in bone and joint infection similar to blastomyco-
sis. Demonstration of the organisms in joint fluid or
biopsy specimens confirms the diagnosis.

Traditionally, treatment of fungal infections has
been with amphotericin B but renal toxicity has
been a major limitation. Newer agents including li-
posomal amphotericin and caspofungin seem to
have less toxicity.

Viral Arthritis

The association of acute arthritis with certain viral in-
fections has long been recognized. Viral arthritis char-
acteristically is polyarticular and usually develops at
the time of the rash or shortly thereafter. In most cases
pathogenesis seems to be due to immune-complex
deposition. It is important to remember that the
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arthritis associated with viral infections never leads to
joint destruction or chronic joint inflammation.

Parvovirus B19 infections may be responsible
for as many as 12% of patients presenting with re-
cent onset of polyarthralgia or polyarthritis. B19,
first described in 1975, is very common, and causes
the common childhood exanthem erythema infec-
tiosum, or fifth disease, characterized by “slapped
cheeks” and a rash of the torso and extremities. A
majority of adults have serologic evidence of past
infection. About 10% of children with fifth disease
have arthralgias, and 5% have arthritis, usually
short-lived. In contrast, 60% of infected adults have
arthralgias or frank polyarticular arthritis, in a dis-
tribution that resembles rheumatoid arthritis. In
fact, the history of a viral syndrome and a B19 sero-
conversion may help differentiate viral polyarthritis
from rheumatoid arthritis in an early stage. B19 can
also cause transient aplastic anemia in patients with
underlying hematologic disorders, and thus B19 in-
fection may resemble SLE. A recent B19 infection is
confirmed if a B19 IgM is detected, which is only
present for several weeks (occasionally up to 2 to 3
months) after infection. IgG persists for years and is
not helpful unless a seroconversion between paired
samples is detected. Detection of B19 DNA by PCR
is useful but can remain positive for months after
the initial infection. The long-term outcome is good,
though a few patients have recurrent episodes of
arthralgias over several years.

Hepatitis B infection, clinically silent or icteric, is
usually self-limiting, followed by the appearance of
hepatitis B surface antibodies. However, 5 to 10 % of
patients may develop a chronic infection, with con-
tinued antigen production (i.e., HBeAg, HBcAg,
HBsAg). In the prodromal phase, which may pre-
cede clinical jaundice circulating immune complexes
may cause symptoms ranging from arthralgias to a
sudden and severe polyarthritis. Symptoms usually
last several weeks, but in patients with chronic active
hepatitis, arthralgias and arthritis may be prolonged.
Because patients may not be icteric in chronic active
hepatitis, laboratory testing for hepatitis may be an
essential to the diagnosis. Polyarteritis nodosa (PAN)
is frequently associated with chronic HBV viremia.
PAN is characterized by inflammation of small and
medium-sized arteries and is a multisystem disease:
arteries in skin, kidneys, peripheral nerves (vasa ner-
vorum), intestines, and muscles can be affected.

Hepatitis C has become a major cause of chronic
hepatitis and cirrhosis. Mixed cryoglobulinemia is
most frequently associated with HCV, although a
number of other viruses and bacteria have also been
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implicated. Other disorders such as lymphoma and
myeloma can also cause cryoglobulinemia. Clinical
features of mixed cryoglobulinemia include palpa-
ble purpura, hepatitis, arthralgias/arthritis, renal in-
volvement, Raynaud’s and peripheral neuropathy.
The cutaneous vasculitis and glomerulonephritis is
immune-complex mediated, and a similar patho-
genesis has been suggested for the arthritis. Treat-
ment consists of interferon 2b, preferably the
pegylated form, combined with ribavirin, with the
objective of clearing the HCV. Glucocorticoids and
immunosuppressive agents such as methotrexate
have been used, but should probably be reserved for
severe vasculitis due to the cryoglobulinemia, be-
cause these drugs may increase viral replication, and
hence perpetuate the problem.

Rubella virus infection is characterized by a mac-
ulopapular rash, lymphadenopathy, and arthralgias
or arthritis. The joint symptoms are usually self-lim-
ited. Vaccination with live attenuated strains can
cause joint symptoms in up to 25% of vaccinated in-
dividuals.

Alphavirus infections have been responsible for
viral epidemics with associated polyarthritis, but to
date, these have been all outside North America.

Crystal-Induced Arthritis
Scott A. Vogelgesang
Jobn W. Rachow

The viruses include Sindbis, Mayaro, Ross River,
Chikungunya, and O'nyong-nyong viruses, all of
which are mosquitoborne. The recent emergence of
West Nile virus in the United States demonstrates
the potential that these viruses may be encountered
in this country in the future. The arthritis is pol-
yarticular with a preference for the small joint of the
hands, wrists, elbows, knees, and ankles. Most
cases resolve within a week, although joint symp-
toms persisting for up to a year have been reported.

Patients with HIV may be affected by several
musculoskeletal syndromes, only a few of which are
specifically related to HIV. Reiter’s syndrome, with-
out eye inflammation, has probably an increased fre-
quency in HIV patients in the study populations.
However, extra-articular manifestations such as eye
inflammation may be absent. HIV increases the fre-
quency of psoriatic arthritis in patients with psoria-
sis. Diffuse infiltrative lymphocytosis syndrome
(DILS) and HIV-associated arthritis are seen specifi-
cally in HIV. These syndromes occur in the setting of
significant immunosuppression. Treatment with
combination antiviral therapy seems to reduce the
incidence, suggesting that HIV may be involved di-
rectly or indirectly in the pathogenesis.

Gout “is usually sudden, occurring in the night, and
is of short duration.” “The cause of this disease is an
immoderate use of stimulating food and drinks.
Plethoric persons are its most frequent victims.”

R.V. Pierce, M.D., The People’s Common
Sense Medical Advisor 1887

Gout

Few clinical presentations are as distinct and dramatic
as an acute gout attack. With its clinical description
rooted in antiquity, gout can be considered the proto-
typic acute monoarthritis as well as crystal-induced
arthritis. Gout is due to the presence of monosodium
urate (MSU) crystals in articular tissues.

Pathogenesis

Prolonged hyperuricemia at concentrations
yielding supersaturation (generally, serum uric acid >
7.0 mg/dL) leads to precipitation of MSU crystals in

soft tissues. When sufficient MSU accumulates within
joints, several factors, such as trauma, abrupt dietary
changes, acute illness, surgery, dehydration, and ad-
ministration of serum urate-lowing medications,
probably induce acute MSU crystal precipitation
within joints or shedding of crystals from deposits in
synovium into synovial fluid. MSU crystals recovered
from joints are coated with a variety of serum pro-
teins, notably immunoglobulins, which attract and
enhance phagocytosis by polymorphonuclear (PMN)
leukocytes. Crystal contact with leukocytes results in
generation of mediators of inflammation and
chemoattractants, including interleukin-1 and a spe-
cific PMN-derived, crystal-induced chemotactic fac-
tor. A massive influx of PMN into the joints ensues.
Partially due to the membranolytic properties of the
MSU crystals, PMN lysis occurs, releasing lysosomal
contents that further intensify the inflammatory re-
sponse. Simultaneous influx of serum factors into the
joint, including lipoproteins and proteolytic enzyme
inhibitors, help make gout attacks self-limited.



Epidemiology

Gout occurs after prolonged periods of sus-
tained hyperuricemia. Consequently, the epidemi-
ology of gout closely parallels the epidemiology of
hyperuricemia. Because lower levels of serum uric
acid are found in the normal population of prepu-
bertal men and premenopausal women, gout devel-
ops mostly in postpubertal men or postmenopausal
women. Other factors that result in sustained eleva-
tions of serum uric acid above the solubility prod-
uct of MSU can lead to increased total-body urate
and predispose to gout. Such factors can be divided
into those that involve either uric acid underexcre-
tion or overproduction.

Clinical Features

The classic gout attack is characterized by the
rapid onset (usually over a few hours) of extreme
pain, swelling, and erythema in one joint. The in-
flammatory response is so intense that patients de-
scribe an inability to tolerate anything touching the
joint. The first metatarsophalangeal (MTP) joint is
the most frequently affected joint (podagra). Other
joints commonly affected early include the mid-foot
(tarsalmetatarsal joints) and the ankle. The attacks
are usually self-limited and resolve completely in 1
to 2 weeks without therapy. Recurrent episodes are
common. The period of complete symptom relief
between episodes of intense joint inflammation,
termed the intercritical period, is a hallmark of crys-
tal-induced arthritis.

With time, the intensity of attacks lessens and
the intercritical period shortens leading to chronic
polyarticular arthritis. Polyarticular gout can af-
fect knees, wrists, elbows, metacarpophalangeal
(MCP) joints and proximal interphalangeal (PIP)
joints. Hips, shoulders and the axial spine are
rarely affected.

Aggregates of MSU crystals can deposit into
nodules called tophi that can be seen in cartilage, ten-
dons and soft tissues. Extensor surfaces of the ex-
tremities and the Achilles tendon are common sites
of deposition, but tophi can be seen on the ear, on the
skin, and around the small joints of the fingers and
toes. Tophi may drain spontaneously and may be
confused with draining abscesses. The drainage from
tophi usually includes particles of white, chalky ma-
terial and may even have an appearance suggestive
of toothpaste. Patients who have undergone organ
transplant may develop gout that behaves differently
than idiopathic gout. These patients may present ini-
tially with polyarticular, tophaceous gout.
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Examination of the patient who presents with a
monoarthritis should exclude cellulitis, bursitis, or
tendonitis, which can all be associated with warmth,
pain, and swelling. Demonstration of a joint effusion
or pain on slight movement of the affected joint
helps to confirm true joint involvement. The finding
of redness over a joint with exquisite tenderness re-
quires arthrocentesis to exclude an infected joint.
MSU crystals can be demonstrated under polarized
microscopy after aspirating a tophus or by touching
a microscope slide to the tophaceous drainage.

The diagnosis of gout relies on the demonstration
of MSU crystals within synovial fluid of an affected
joint. Compensated, polarized light microscopy will
reveal negatively birefringent, needle-shaped crystals
found within PMNs. Other tests on synovial fluid are
of limited use in acute, crystal-induced arthritis. Syn-
ovial fluid leukocyte counts should be clearly inflam-
matory, often in the 20,000 to 50,000 cells /L range. In
acute gout, synovial fluid leukocyte counts can be as
high as those seen in septic arthritis or higher. Coexis-
tent gout and septic arthritis is rare but can occur. If
clinical suspicion of a septic joint persists, even after
crystals are identified, synovial fluid Gram’s stain
and culture should be obtained.

Serum uric acid levels are often misused in evalu-
ating patients with suspected acute gout. Although a
gout attack is preceded by many months of sustained
hyperuricemia, at the time of an acute gout attack,
serum uric acid may be low, normal or high. Serum
uric acid levels are not helpful in diagnosing acute
gout; however, levels are useful in guiding uric acid-
lowering therapy, later. Further laboratory investiga-
tion to characterize the hyperuricemia may be
indicated when the acute gout attack resolves. In
most cases, hyperuricemia is due to renal underexcre-
tion of uric acid. If the onset of gout occurs in a man
before the age of 20 years, in a menstruating woman,
or in a patient without an obvious reason for renal un-
derexcretion, it is appropriate to determine whether
urate accumulation is a result of overproduction or
underexcretion. This is accomplished by measuring
24-hour urine uric acid excretion. An excretion of
greater than 800 mg of uric acid, on an unrestricted
diet is evidence of uric acid overproduction. In the
presence of normal renal function, a 24-hour urinary
uric acid of less than 800 mg in a hyperuricemic pa-
tient indicates underexcretion.

Radiology

Radiographs of a joint undergoing an acute gout
attack may only show nonspecific soft tissue
swelling. With long-standing disease and a history
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of several attacks, asymmetric periarticular swelling
suggestive of a soft tissue mass may indicate the ex-
istence of a tophus. Tophi may also develop inside
juxta-articular bone and appear on radiographs as
subchondral, cystic lucencies. Still later, bone ero-
sions may be seen that are either intra-articular or
extra-articular (proximal to the point of confluence
of synovium, cartilage, and subchondral bone).
These erosions may exhibit a characteristic appear-
ance in which overhanging edges of the disrupted
bone cortex are seen.

Treatment

The treatment of choice for acute gout is oral
administration of a nonsteroidal anti-inflammatory
drug (NSAID). An example of an effective regimen
is indomethacin, 50 mg taken every 6 hours for 1 to
2 days then tapered to 50 mg taken every 8 hours
for 1 to 2 days then tapered to 25 mg every 8 hours
until the attack abates. There is little difference in ef-
ficacy among the NSAIDs and an inexpensive,
short-acting choice may be the most appropriate.
Caution should be exercised when using NSAIDs.
Gastrointestinal ulceration is a major problem with
chronic use. Worsening renal insufficiency or con-
gestive heart failure can also occur. Decreased doses
of NSAID and more frequent monitoring of serum
creatinine is indicated in a high-risk patient.
NSAIDs that inhibit cyclooxygenase 2 have a lower
incidence of gastrointestinal toxicity but are no
more effective, have the same potential renal toxic-
ity and are more expensive. Concerns about cardio-
vascular morbidity may limit the use of these agents.
Aspirin, other salicylates, allopurinol, and the uri-
cosurics should be avoided in gout attacks, because
they are likely to alter serum uric acid levels and
lead to prolongation of the attack.

Colchicine has also been used for the treatment
of acute gout. The traditional oral regimen is 0.6 mg
every 1 to 2 hours until (1) improvement in the at-
tack is seen; or (2) until the development of nausea,
vomiting, or diarrhea; or (3) until a maximum of 10
doses (<6 mg in a 24-hour period) have been taken.
Intravenous colchicine is rarely used because of the
potential for severe bone marrow toxicity. The dose
of colchicine should be reduced in those with im-
paired renal or hepatic function and in the elderly.

A short course of oral corticosteroids (e.g., pred-
nisone 20 mg daily for 3 days, 15 mg daily for 3
days, 10 mg daily for 3 days, 5 mg daily for 3 days,
then stop) is frequently efficacious and well toler-
ated. Intra-articular corticosteroids can also be ben-

eficial provided one is sure the joint is not infected.
Intramuscular ACTH has been shown to be effec-
tive. Finally, in a patient with multiple comorbidi-
ties that limit therapy, simply controlling the pain
while the self-limited attack abates may the most
appropriate course.

Long-term management must be individual-
ized. Some patients may suffer only a small num-
ber of gout attacks in their lifetime and never
develop detectable tophi or joint damage. Intermit-
tent use of NSAIDs in this case may be the most ap-
propriate course. Repeated attacks, the development
of tophi, joint damage, or renal damage may neces-
sitate serum urate-lowering therapy. Allopurinol
inhibits the enzyme xanthine oxidase and prevents
the formation of uric acid. A usual dose is 300 mg
orally, once a day. Smaller doses (i.e., 100 mg) may
be appropriate in the elderly or in a patient with
renal insufficiency. The dose is adjusted upward
until a serum uric acid level of =5 mg/dL is
achieved. Patients should be instructed to immedi-
ately discontinue allopurinol if they develop a new
rash. The development of allopurinol hypersensi-
tivity can rarely be associated with fatal toxic epi-
dermal necrolysis. The indications for using
allopurinol include three or more attacks in a year
and one of the following: renal insufficiency, nephro-
lithiasis, or tophi.

Initiation of allopurinol therapy is associated
with an increased frequency of gout attacks. Conse-
quently, prophylaxis against acute attacks is usually
administered for a week before the initiation of al-
lopurinol and continued for 1 to 12 months in the
form of oral colchicine 0.6 mg once or twice daily.
Small doses of NSAID (i.e., ibuprofen 400 mg once
or twice daily) may be substituted if the risk for
NSAID associated toxicity is low.

Uricosuric drugs, which can lower serum uric
acid, seem a rational choice in patients with uric
acid underexcretion. There are some limitations to
this approach: (1) normal renal function is required
for the uricosuric drugs to be effective; (2) increased
concentration of urine uric acid can result in acute
stone formation—uricosuric drugs should not be
used in patients with a history of stones; (3) serum
uric acid reductions are likely to be modest com-
pared with reductions achievable with allopurinol;
(4) uricosuric drugs have a short half-life and must
be given four times a day. Probenecid and sulfin-
pyrazone are both uricosuric drugs used in the
long-term management of gout. Probenecid is usu-
ally begun at 500 mg/day and increased to 2000 to
3000 mg/day in four divided doses as needed to



lower the serum uric acid. Sulfinpyrazone can be
initiated at 100 mg/day and increased as needed to
800 mg/day in four divided doses. Increased fluid
intake is recommended to lessen the risk of acute
urinary stone formation. Just as with allopurinol,
acute lowering of serum uric acid with uricosuric
drugs can precipitate acute gout attacks, prophy-
laxis should be used.

Calcium Pyrophosphate Dibydrate (CPPD)
Deposition Disease

In the early 1960s, patients with acute arthritis
thought to have gout were found to have crystals in
synovial fluid that were not MSU. Radiographs
showed abnormal calcifications and later the crys-
tals in synovial fluid were identified as calcium py-
rophosphate dihydrate (CPPD).

Pathogenesis

Metabolic abnormalities that allow CPPD crys-
tals to form intra-articular deposits are not well un-
derstood. There does not appear to be an increased
whole-body load of inorganic pyrophosphate (PPi).
Plasma, serum, and urinary levels of PPi are no dif-
ferent in most patients with CPPD crystal deposi-
tion than normal. Synovial fluid PPi concentrations
are higher than plasma in many arthropathies but
are highest in patients with CPPD crystal deposi-
tion. Accumulated evidence suggests that elevated
intra-articular PPi concentrations are more likely
due to excess production of PPi by cartilage than to
impaired PPi clearance mechanisms. Impaired PPi
hydrolysis may be an important factor in some
cases. Breakdown of PPi in vitro by inorganic py-
rophosphatases, which are widely distributed in
human tissue, is inhibited by high calcium and low
magnesium. This may partially explain the associa-
tion of CPPD deposition with hyperparathyroidism
and hypomagnesemia.

Epidemiology

CPPD crystal deposition occurs only in adults and
uncommonly before the sixth decade. The incidence of
chondrocalcinosis on radiographs steadily rises and
may exceed 30% of the asymptomatic population over
85 years old. CPPD deposition also occurs more fre-
quently in certain metabolic diseases such as hypothy-
roidism, hyperparathyroidism, hemochromatosis,
hypomagnesemic states, and hypophosphatasia.
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Clinical Features

CPPD can present in several different manners.
Acute attacks of inflammatory arthritis (monoarthri-
tis, often termed pseudogout, or oligoarticular arthri-
tis) commonly occur first in the knees. However, the
wrist, elbows, ankles, and shoulders are often in-
volved. Involvement of the first MTP occurs, but is
uncommon. Acute attacks are usually self-limited,
lasting several days to weeks. Acute attacks may
occur in a postoperative patient and, like in gout,
may uncommonly coexist with a septic joint.

CPPD can also present as a polyarticular, in-
flammatory arthritis, commonly involving the
knees, wrists, and elbows. Involvement of the small
joints of the hands and feet can be seen but is un-
common. Low-grade, chronic joint pain and
swelling can be seen in some with evidence of de-
generative joint disease. Some patients will present
with what appears to be a disintegrating, neuro-
pathic joint as a result of CPPD crystal deposition.
Finally, many have no clinical symptoms but chon-
drocalcinosis can be demonstrated on radiographs.

The diagnosis of CPPD relies on the demonstra-
tion of calcium pyrophosphate crystals within the
synovial fluid of an affected joint. Compensated, po-
larized light microscopy will reveal positively bire-
fringent, rhomboid-shaped crystals found within
PMNs. Other tests on synovial fluid are of limited
use. Synovial fluid leukocyte counts are similar to
those seen in gout.

Radiology

The radiologic hallmark of CPPD is chondro-
calcinosis: calcification of the fibrocartilage and
hyaline cartilage of involved joints. The most
commonly calcified fibrocartilage includes the
knee, the pubic symphysis, and the triangular fi-
brocartilage of the wrist. Hyaline cartilage calcifi-
cation tends to be more linear and parallels the
subchondral bone. Joint space narrowing, sub-
chondral sclerosis, and subchondral cysts can also
be seen. Isolated patellofemoral joint space nar-
rowing with osteophytes suggests the diagnosis of
CPPD.

Treatment

The therapy for acute CPPD arthropathy is
similar to that used for gout and includes NSAIDs,
corticosteroids, colchicine, and intra-articular corti-
costeroids (if infection is excluded). Urate-lowering
therapy is ineffective in CPPD.
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BASIC CALCIUM PHOSPHATE. Calcium hydrox-
yapatite crystals (among other basic calcium phos-
phate crystals) can deposit into articular tissue and
cause an acute, subacute, or chronic arthritis as well
as a periarthritis (bursitis, tendonitis). The periarthri-
tis may be associated with radiographic calcifications
at the sites of inflammation. Commonly affected
areas include the shoulder, the greater trochanter, the

Systemic Sclerosis
Rebecca S. Tuetken

epicondyles, and tendinous attachments about the
wrist and knee. The “Milwaukee shoulder” is the term
applied to a progressive, erosive arthritis of the
shoulder seen in older women. Calcium hydroxyap-
atite crystals are difficult to identify on polarized mi-
croscopy due in part to their small size. NSAIDs,
colchicine, and oral and intra-articular corticos-
teroids have been used successfully in therapy.

Classification and Pathogenesis

The thickened, sclerotic skin lesion of scleroderma,
which literally means “hard skin,” is the key fea-
ture linking a heterogeneous group of conditions,
commonly referred to by the same name. Sclero-
derma can be subclassified into disease of the
skin only, or localized scleroderma, versus disease
with internal organ involvement, or systemic scle-
rosis. Systemic sclerosis (SSc) is further classified
by the extent of skin disease into diffuse cutaneous
systemic sclerosis (dcSSc), versus limited cutaneous
systemic sclerosis (1cSSc) (Table 6-3). By definition,
limited skin involvement means the face, neck,
feet, and upper extremity involvement that is
most often distal to the wrist and virtually always
distal to the elbow, whereas diffuse skin involve-
ment includes the trunk and proximal extremi-
ties. This classification system is clinically useful
because the pattern and extent of skin disease,
coupled with the specific type of autoantibodies
detected, correlates well with the pattern of organ
involvement and overall disease mortality and
morbidity. In rare cases SSc can occur without sig-
nificant skin disease, or systemic sclerosis sine
scleroderma. It may also occur as part of an over-
lap syndrome with other autoimmune diseases
such as systemic lupus erythematosus, dermato-
myositis, rheumatoid arthritis, and Sjogren’s syn-
drome. The combination of Raynaud’s phenomenon,
with either abnormal nailfold capillaries or SSc-
specific serologic markers is so predictive of un-
derlying SSc, that it is often referred to as
“pre-scleroderma.”

SSc is a rare disease, with an estimated preva-
lence in the United States of about 240 per million,
and an incidence of about 20 per million per year.
It is more common in women than men by a ratio
of about 4:1. The cause is unknown, but it most

likely involves an interaction between genetic and
environmental factors. The pathogenesis can best
be viewed as an interacting triad of pathological
immune system activation (as evidenced by auto-
antibodies to nuclear antigens), endothelial cell
dysfunction (with resulting small vessel vascu-
lopathy and tissue ischemia), and fibroblast dys-
function (with increased synthesis and deposition
of extracellular matrix), all culminating in end
organ damage, fibrosis, and atrophy.

Clinical Presentation

SSc affects multiple organ systems, including vascu-
lar, skin, musculoskeletal, pulmonary, renal, car-
diac, and gastrointestinal systems. Organ-specific
manifestations will be discussed first, followed by a
discussion of characteristics that distinguish 1cSSc
and dcSSc.

Vascular

Vascular manifestations are particularly promi-
nent, especially Raynaud’s phenomenon (RP), which
is often the first sign of SSc. RP is an exaggerated
vasoconstrictive response of terminal arteries to
stimuli such as cold or emotional stress, most no-
ticeable in the digits, and manifested by coldness,
ischemic pain, and striking color changes: pallor
(white), followed by acrocyanosis (blue), then hy-
peremia (red) on reperfusion. In SSc-associated
RP, vessel wall morphology is abnormal. Small
and medium arteries show abnormal smooth
muscle cell activation, with markedly increased
a2c adrenergic reactivity. Over time progressive
intimal hyperplasia and fibrosis reduces the effec-
tive vessel lumen and limits dilatation, leading to
chronic tissue ischemia, ulceration, and infarction.
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Classification of Scleroderma and Subtype Associations

LOCALIZED SCLERODERMA

Linear (including en coup de sabre)
Morphea
localized (circumscribed)

generalized

SYSTEMIC SCLEROSIS

Pre-Scleroderma
Raynaud’s phenomenon, plus either
o abnormal nailfold capillaries, or
o anticentromere or anti-Scl-70 antibodies

Limited cutaneous systemic sclerosis (IcSSc)
CREST syndrome and anticentromere antibodies

Slow disease progression
Generally less severe internal organ involvement
Pulmonary arterial hypertension or interstitial lung disease
Diffuse cutaneous systemic sclerosis (dcSSc)
Cutaneous disease includes trunk and proximal extremities
ANA and anti-Scl-70 (topoisomerase) antibodies
Mild Raynaud’s phenomenon, with nailfold capillary drop out
Rapid disease progression
High incidence of significant internal organ involvement
o interstitial lung disease
o renal crisis
o diffuse GI disease
Systemic sclerosis sine scleroderma
Organ disease of SSc
Absence of skin disease
Raynaud’s
Overlap syndromes with scleroderma

dermatomyositis, or Sjogren’s syndrome.

An ophthalmoscope set at 40 diopters can be
used to examine capillary loops proximal to the fin-
gernail cuticle (nailfold). In SSc this exam will reveal
abnormally dilated and tortuous capillary loops,
sometimes with areas of vessel loss. When RP is ac-
companied by this finding, even in the absence of
autoantibodies, it is strong evidence for an under-
lying autoimmune disease. Telangectasias are di-
lated venules and capillaries, which form small (2
to 7 mm) polygonal macules on the hands, face, lips,
oral, and intestinal mucosa.

Vascular disease is the direct cause of many
organ system manifestations, including some of the
pulmonary, gastrointestinal, and renal manifesta-
tions discussed in the following sections.

Cutaneous disease limited to the distal extremities, face, and neck

Severe Raynaud’s phenomenon with digital ulceration, without nailfold capillary drop out

Features of SSc, plus another autoimmune rheumatic disease, e.g., systemic lupus erythematosus, rheumatoid arthritis,

Skin and Musculoskeletal

Cutaneous sclerosis will often begin on the
hands, which in early stages become diffusely ede-
matous or “puffy” in appearance. As the swelling
subsides, the skin becomes thickened and tough,
and eventually “hidebound” to the deeper tissues.
The normally plump finger tuft atrophies, causing
the distal phalanx to shrink behind the fingernail.
The face and neck may also be involved. Perioral
skin may take on a puckered appearance with ra-
dial folds, and the oral aperture, measured as the
inter-incisor distance, decreases. Skin will feel
tight and sometimes pruritic. Scleroderma of the
fingers is called sclerodactyly. When the hands are



188  CHAPTER 6 * Rbeumatic Diseases: Diagnosis and Management

involved proximal to the fingers, but the trunk is
spared, this is termed acrosclerosis. The hands and
face are involved in both major disease subtypes,
but rapid progression to involve the trunk and
proximal extremities indicates the diffuse cuta-
neous form of SSc.

Calcinosis is the abnormal tissue deposition of
basic calcium phosphate. Usually a late manifesta-
tion, it eventually occurs in up to a third of patients.
Lesions can persist for years, and can occur any-
where, but are most often found in the distal finger
tufts, near the proximal interphalangeal joints, along
extensor surfaces, or near other bony prominences,
such as the elbows and knees. Calcinoses may be
painful, especially when they occur in highly inner-
vated locations such as the fingertip. They will
sometimes ulcerate and leak a whitish material, and
secondary infection is a common complication.

About 20 to 30% of patients complain of joint
pain, and as many as 20% will have arthritis,
mainly affecting the finger joints. Synovial biopsy
reveals fibrosis rather than synovitis. Radiographs
will sometimes show joint erosions, or the virtual
disappearance of the distal phalanx, termed acro-
osteolysis. Flexion contractures of the finger joints
result from tightening of the periarticular skin, fas-
cia, and tendons. Tendon friction rubs—a palpable
or audible crepitus with movement of the ten-
don—occur in over 50% of patients with dcSSc,
and occasionally in those with 1cSSc.

Disuse atrophy is the most common muscle
manifestation. However, a true primary myopathy
with proximal muscle weakness and mild elevation
of creatinine kinase has been reported. Muscle biop-
sies reveal interstitial fibrosis and fiber atrophy, with-
out much evidence of inflammatory cell infiltration.

Gastrointestinal

The gastrointestinal (GI) tract is affected in the
vast majority of patients, and at least half are symp-
tomatic. Though any level of the tract may be in-
volved, the most common symptoms arise from the
esophagus. Esophageal hypomotility and incompe-
tence of the distal sphincter lead to recurrent acid
reflux, which in turn can cause erosive esophagitis,
Barrett’s esophagus, and stricture formation. Pa-
tients report dysphagia, acid reflux, or regurgita-
tion. Gastric or intestinal disease results in loss of
normal peristalsis, bacterial overgrowth, malab-
sorption, and resulting malnutrition. Patients report
prolonged satiety or loss of appetite, weight loss,
bloating, constipation, and diarrhea. Telangectasias
in the gut will sometimes bleed and cause anemia.

Pulmonary

Pulmonary involvement is now the single lead-
ing cause of disease-related death in SSc, and over
70% patients have some form of lung involvement.
There are two main types: interstitial lung disease
(ILD) (also called fibrosing alveolitis or pulmonary
fibrosis); and vascular disease of the lung leading to
pulmonary arterial hypertension (PAH). Other pul-
monary complications include aspiration pneumo-
nia due to severe esophageal reflux, pleural fibrosis,
bronchiectasis, and spontaneous pneumothorax.

ILD most frequently occurs with dcSSc, but can
also occur in 1cSSc, and usually presents as dyspnea
on exertion and cough. Examination will reveal bi-
lateral basal lung crepitations. The 8-year survival
of patients with dcSSc and ILD is about 50%.

PAH is almost always associated with 1cSSc, oc-
curring in about 10% of these patients, and is associ-
ated with high mortality. Life expectancy is less than
1 year once gas exchange drops to 25% of the normal
value. Patients report an insidious onset of dyspnea
on exertion. Lower extremity edema and hepatic
congestion will occur with advancing disease.

Renal

Renal disease, sometimes called “scleroderma
renal crisis,” is much more common in dcSSc than in
1cSSc, and is actually another manifestation of SSc
vasculopathy, so it is not surprising that it often be-
gins during cold weather. As renal arterioles become
narrowed, afferent renal blood flow decreases, acti-
vating the renin-angiotensin system, resulting in hy-
pertension, which, if untreated, can quickly progress
to malignant hypertension and renal failure. Pa-
tients may present with ophthalmic evidence of hy-
pertensive retinopathy (hemorrhages, cotton wool
exudates, and papilledema).

Cardiac

Although up to 80% of autopsies reveal my-
ocardial fibrosis, clinically significant myocardial
dysfunction is uncommon. Radionuclide-exercise
studies may reveal fixed thallium perfusion abnor-
malities, even when angiography is normal, indicat-
ing that the lesion is due to small vessel disease.
Clinically significant pericardial disease may occur
in up to 10% of patients, but frank tamponade or he-
modynamically significant effusions are very rare.

Other

Fibrosis of the thyroid gland may cause hy-
pothyroidism in up to 25% of patients. Dry mouth



and eye symptoms may occur with fibrosis of ex-
ocrine tear and salivary glands. SSc spares the central
nervous system, but peripheral nerve entrapment
syndromes, such as carpal tunnel syndrome or facial
nerve palsies, sometimes occur secondary to fibrosis
and sclerosis of surrounding tissue. Osteoporosis
may occur, usually as a consequence of malabsorp-
tion and malnutrition from GI disease.

Disease Variation by Classification

The majority of SSc patients will eventually be
classified as 1cSSc, where skin disease spares the
trunk and proximal extremities, and is frequently
limited to the hands or fingers. LcSSc is sometimes
referred to as the CREST syndrome, an acronym for
the most common disease manifestations: calcinosis
cutis, Raynaud’s phenomenon (RP), esophageal
dysmotility, sclerodactyly, and telangectasias. LcSSc
tends to have a longer and more indolent disease
course than dcSSc, with lower overall disease mor-
tality and generally later onset of significant inter-
nal organ disease. RP may be present for years
before other signs of disease appear. However, RP
tends to be more severe in 1cSSc, with a higher inci-
dence of digital ulcers and necrosis. About 10% of
patients will develop significant PAH, and this
group will have a very poor prognosis. ILD can
occut, but is less common than in dcSSc. Renal cri-
sis is rare.

About one-third of SSc patients will develop the
extensive skin involvement that defines dcSSc. Early
clues that a patient will develop this pattern include
appearance of skin disease before or within one
year of onset of RP, dilated capillary loops with drop-
out at the nailfold, tendon friction rubs, and early
onset of ILD, renal crisis, or diffuse GI disease. ILD
occurs frequently, and mortality can be high. How-
ever, in some patients the disease course is one of
initial worsening, followed by a plateau, and then
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some improvement or stabilization thereafter. Diag-
nosis and organ-specific treatment early in the dis-
ease may significantly improve the prognosis.

DcSSc and 1cSSc are also characterized by dis-
tinct serologic markers, which are discussed in the
following section.

Diagnostic Evaluation

A thorough history and physical examination are
essential for diagnosing early SSc. A complete re-
view of systems is key, as patients seeking evalua-
tion for puffy hands may not spontaneously report
mild dyspnea, or new nocturnal heartburn. Pa-
tients with dcSSc, should be taught to monitor their
own blood pressure frequently, and report any con-
sistent elevation. Assessment of skin tightness, and
use of a standard scoring system, can help to detect
rapidly progressive disease. The most commonly
used system involves measurement at 17 sites,
scoring each site on a scale of 0 (normal) to 3 (hide-
bound skin). Skin biopsy is rarely needed to con-
firm scleroderma and should generally be avoided
as healing may be impaired. Radiographs of the
hands may detect acro-osteolysis, calcifications, or
joint erosions, but will have little impact on the
overall disease management.

The majority of patients with SSc will have de-
tectable antinuclear antibodies (ANA), and the
pattern detected on immunofluorescence is very
important (Table 6-4). An anticentromere pattern
(ACA) is detected in 70 to 80% of patients with 1cSSc,
but is unusual in patients with dcSSc. ACA corre-
lates positively with PAH and negatively with ILD or
renal disease. A speckled ANA pattern may indicate
antibodies to topoisomerase-1 called anti-Scl-70,
which can be measured directly in a separate assay.
Anti-Scl-70 antibodies are found in about 30% of

Common Serum Autoantibody Associations in Systemic Sclerosis

SSc Classification

(RNA polymerase I and III) dcSSc than 1eSSc

[Note: italics in fourth column only, to emphasize that the association is negative]

Autoantibody(antigen) (% positive) Positive Disease Association Negative Disease Association

anticentromere antibodies 1eSSc (70-80%) pulmonary hypertension interstitial lung disease, renal crisis
(centromere kinotochore)

anti-Scl-70 (topoisomerase) dcSSc (30%) few 1cSSc interstitial lung disease pulmonary hypertension

ANA, speckled or nucleolar SSc (20%) more pulmonary hypertension,

muscle disease
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patients with dcSSC but fewer patients with 1cSSc,
and correlate positively with ILD and negatively
with PAH. Autoantibodies to several other nuclear
antigens have been linked with SSc. As many as
20% of patients with dcSSc will have an antinucleo-
lar or speckled ANA pattern due to antibodies to
RNA polymerase I and I1I, a finding that correlates
with renal disease. The false-positive rates for de-
tection of ACA and anti-Scl-70 among disease-free
controls are both very low, giving these tests a high
degree of specificity for SSc. However, negative an-
tibody tests, including ANA, do not rule out SSc.

Beyond establishing a diagnosis, a variety of
laboratory, functional, and imaging studies are use-
ful to detect and monitor disease in each affected
organ system. Serum creatinine should be checked
periodically in patients with dcSSc to monitor renal
function. Oxygen saturation or arterial blood gas
profile, pulmonary function tests including DLCO,
and chest radiographs, should be obtained at diag-
nosis of SSc, and repeated with any new respiratory
symptoms to detect onset of ILD or PAH. Addi-
tional studies may include high-resolution chest CT
to confirm fibrosis, and/or echocardiography with
Doppler to estimate pulmonary artery pressure. In-
vasive studies such as bronchoscopy for bron-
choalveolar lavage, or right-heart catheterization to
directly measure pulmonary artery pressure, may
be needed to confirm a diagnosis before beginning
treatment with high-risk medications. Gastroin-
testinal disease can be detected and monitored
with radiographic studies such as barium swal-
low, gastric emptying tests, or abdominal CT.
Esophageal manometry, upper endoscopy, or
colonoscopy may also be needed.

Treatment

No single agent has been identified as disease-
modifying for all SSc manifestations. Disease man-
agement is therefore primarily organ based. Search
is under way, however, for treatments that will pre-
vent tissue fibrosis, and thus reduce the risk of end
organ failure.

Patient education is very important for manage-
ment of SSc. Occupational therapists can help to edu-
cate patients on how to keep warm, protect their
fingers while performing activities of daily living,
and maintain flexibility. Because nicotine will worsen
RP, and smokers have a significantly higher risk for

finger ulcers and digital necrosis, patients must be
advised that smoking cessation is absolutely neces-
sary. Medications that trigger vasospasm must be
avoided. Hypothyroidism will worsen Raynaud’s,
so hypothyroid patients must be on adequate re-
placement hormone. Some antihypertensives, such
as B-blockers, may worsen RP, or at least limit use of
other antihypertensives that will more effectively
treat RP.

Long-acting calcium channel blockers are the
drugs used most frequently to treat RP, and efficacy
is well established. Use may be limited, however, by
intolerable side effects such as postural hypotension,
dependent edema, and significant gastroesophageal
reflux, especially in those who already have an in-
competent esophageal sphincter. ACE inhibitors and
angiotensin receptor blockers have been used with
mixed success. They are generally well tolerated,
and do not worsen esophageal function. Platelet
serotonin may play a role in the pathogenesis of RP.
The selective serotonin-reuptake inhibitor, fluoxe-
tine, has been reported to be beneficial, and was su-
perior to nifedipine in one small trial. Most authors
recommend daily aspirin (81 to 325 mg) to prevent
formation of microthrombi, though actual benefit is
unproven. Anecdotal reports support use of pentox-
ifylline, which may improve microcirculation. There
are promising reports that the phosphodiesterase in-
hibitor, sildenafil, is effective and well tolerated for
short-term management of severe Raynaud’s, but
controlled trials are needed to prove efficacy in SSc-
associated RP.

Aggressive therapy is sometimes needed to pre-
vent or treat impending digital infarction. Topical
nitroglycerine may improve circulation to the af-
fected digit, but intolerance may limit its use. Sev-
eral synthetic prostacyclins have been used for this
indication, but the need for constant IV infusion
limits use to the hospital setting, and there may be
rebound worsening once infusion is stopped.

To some extent, PAH may be thought of as
“Raynaud’s of the lungs.” Unfortunately, it does not
respond adequately to most of the oral medications
used to treat Raynaud’s. The endothelin receptor
blocker, bosentan, has been shown to help stabilize
pulmonary function in patients with significant
PAH. Controlled trials showed slight functional im-
provement (as measured by 6 minute walking dis-
tance) in bosentan-treated SSc patients, while
untreated control patients showed significant con-
tinuing decline. Bosentan may also be effective for



severe digit-threatening Raynaud’s, but cost will
likely limit any off-label indication. Intravenous
prostaclycin analogues are effective in PAH but
costly. Administration by continuous subcutaneous
infusion, or by inhalation, is showing promise in
clinical trials. Sildenafil and other oral phosphodi-
esterase inhibitors may also have a role in manage-
ment of PAH, either alone or in combination with
the synthetic prostacyclins.

Early diagnosis is key to the successful manage-
ment of SSc-related ILD. The goal is to treat the dis-
ease with aggressive immunosuppression in the
early inflammatory phase and thereby reduce the
risk of progressive fibrosis and decline in function
that may follow. Retrospective data supports this
approach but prospective studies are needed to con-
firm this strategy. Cyclophosphamide, either by
daily oral dose or pulse IV dosing, is the current
drug of choice for treatment of ILD. Some recom-
mend adding daily low dose prednisone, but there
is limited evidence that this is helpful.

An ACE inhibitor is recommended for any pa-
tient with hypertension and SSc. Renal crisis was
once the major cause of death in SSc, but ACE in-
hibitors have proven to be very effective at con-
trolling hypertension and reducing the rate of
subsequent renal failure. Studies have shown long-
term benefit, even if creatinine levels increase after
starting an ACE inhibitor.

Proton pump inhibitors are useful for treating se-
vere gastroesophageal reflux, and to reduce the risk
for esophagitis and recurrent aspiration. Prokinetic
agents such as metoclopromide may help patients
with delayed gastric emptying and poor appetite.
Cyclic oral antibiotics are used to treat bacterial over-
growth in advanced disease. Dieticians may be
needed to guide the use of oral supplements when
malabsorption leads to malnutrition. Some patients
do eventually require total parenteral nutrition.

Skin disease has proven difficult to treat with
any degree of efficacy. The fact that sclerosed skin
may spontaneously start to soften many years
after disease onset complicates interpretation of
long-term studies. Many agents reported to be
beneficial in small open trials have not shown ben-
efit when studied in large double-blind studies. D-
Penicillamine has shown promise in some trials
but not in others. Studies on methotrexate have
shown benefit or at least a trend favoring treat-
ment, but further studies are needed. Minocycline
inhibits cation-dependent matrix metaloproteases,
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which have been implicated in the tissue damage
that follows inflammation in SSc. Minocycline 100
mg twice/day did seem to soften the skin of sev-
eral patients with advanced dcSSc in one small
open-label trial, but this needs to be repeated in a
larger trial. Corticosteroids play no role in manag-
ing the skin disease of SSc and topical steroids are
contraindicated.

Surgery in Systemic Sclerosis

In view of the significant microvascular disease
of SSc and resulting poor healing of wounds, surgi-
cal procedures are relatively contraindicated. Cir-
cumstances will arise, however, which necessitate
surgery, such as severe esophageal strictures, and
small or large bowel obstructions.

Hand surgery may be of benefit in selective cir-
cumstances. Patients with severe carpal tunnel syn-
drome may benefit from surgical release. When
sclerodactyly leads to severe (> 90°) contracture of
the PIP joints, arthrodeses or joint replacements
may be of benefit. Debridement and amputation of
ischemic digits will occasionally be indicated to ad-
dress secondary infection, but should be done con-
servatively, to allow the maximum possibility of
spontaneous healing. In general, this should follow
aggressive medical therapy with a parenteral
prostacyclin and possibly a trial of bosentan.

Cervical sympathectomies have been tried for
upper extremity RP, and can now be performed tho-
rascopically, but they rarely provide long-lasting
benefit, probably due to accessory sympathetic
pathways and the upregulation of sympathetic re-
ceptors on vascular smooth muscle following den-
ervation. Lumbar sympathectomies, by contrast,
have proven very effective for Raynaud’s of the feet
with lasting benefits.

Microarteriolysis (digital sympathectomy) has
been shown to relieve pain and ulceration of se-
vere RP, including cases secondary to SSc. Yee and
colleagues (1998) report very favorable outcomes
in their series of 13 procedures in 9 patients. They
conclude that adventitial stripping of the arteriole
both denervates and decompresses the vessel,
which is why their procedure was effective even
in patients who showed no discernable response
to sympathetic blockade prior to surgery. This
procedure should be considered when medical
management fails or is contraindicated by other
medical conditions.
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Fibromyalgia
Robert F. Ashman

Definition

Fibromyalgia is a clinical syndrome of diffuse pain
(present at rest but exacerbated by activity), fa-
tigue, and sleep disturbance. The American College
of Rheumatology defined two criteria for diagnos-
ing fibromyalgia in 1990: (1) a history of wide-
spread pain and (2) pain in at least 11 of 18 defined
tender point sites on digital palpation with a force
of 4 dynes/cm? (Figure 6-10).

Clinical Features

Symptoms

“Hurting all over” is the usual chief complaint,
although pain may be concentrated in the neck and
shoulder girdle area, in the buttocks and thighs, or
in an area previously injured. Typically the patient
cannot point to an exact location for the pain, nor
can it be localized anatomically to particular mus-
cles, particular joints, or to the area of distribution
of particular nerves. Stiffness may be present, but it
is not relieved by heat or gentle activity, and thus
differs from the morning stiffness characteristic of
inflammatory disorders such as rheumatoid arthri-
tis or polymyalgia rheumatica. Usually there is a
clear trend toward diminishing motor activity over
months or years, and patients may feel disabled by
their pain.

Patients usually complain of severe fatigue
with dozing off during the daytime. On prompting,
they describe disordered sleep hygiene of long du-
ration: difficulty falling asleep, shallow sleep with
frequent awakening, and arising unrefreshed.

Other common features are (1) numbness and
tingling of hands and/or feet—because the whole
hand or limb is involved in fibromyalgia, it can be
distinguished from nerve entrapment syndromes
where the numbness conforms to the area served by a
particular nerve; (2) irritable bowel syndrome, char-
acterized by alternating diarrhea and constipation; (3)
dysuria with normal urinalysis; and (4) a history of
having taken many different pain medications with-
out relief. Periods of more intense symptoms typi-
cally follow events that force reduced motor activity
(e.g., hospitalization for surgery), intensified sleep

disturbance (e.g., assuming care of an elderly parent),
a painful injury (e.g., a motor vehicle accident), or a
period of increased stress or muscle tension (e.g.,
combat duty lawsuit). This is how susceptible pa-
tients with rheumatoid or osteoarthritis can develop
superimposed fibromyalgia symptoms.

Signs

The only characteristic finding on physical exam
is the presence of the nine pairs of tender points
(Figure 6-10). Fingertip pressure on these sites,
which would be judged mildly unpleasant by a nor-
mal subject, produces an aversive reaction and is
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FIGURE 6-10. Fibromyalgia tender points. The ACR
published clinical criteria for fibromyalgia in 1990, empha-
sizing the characteristic nine pairs of tender points: insertion
of cervical paraspinals on the occipital condyles, cleidomas-
toid muscle over lateral transverse processes of C5-7, belly
of trapezius, supraspinatus, wrist extensor insertion on lat-
eral epicondyle, pectoralis insertions on 2nd rib near ster-
num, upper outer buttock, gluteus insertion on greater
trochanter, and insertion of vastus medialis on medial
condyle of the femur. The diagram also shows a common
tenth tender point over the rhomboids. Control points: middle
of forehead; volar aspect of midforearm; thumbnail; muscles
of anterior thigh.



perceived as painful by fibromyalgia patients. While
the ACR criterion of 11 of 18 tender points is a useful
general guide for diagnosing fibromyalgia, strict
conformance with this criterion is not necessary in
the clinic. Some patients have palpable tender knots
representing localized areas of muscle spasm. Trig-
ger points, where local pressure produces referred
pain over an entire region, is unusual in fibromyal-
gia. Joint and neurologic exams are normal. So is
muscle strength, although “breakaway weakness”
due to pain may be observed. In especially severe
cases, the tenderness may be generalized to the
point that control points or even gentle pinching of
skin are also painful, a condition called allodynia.

Epidemiology

More than 90% of fibromyalgia patients are fe-
male. All ages are susceptible, but the pain pattern
often begins in the teens. Community surveys, con-
firmed with tender point examinations, have esti-
mated that pain thresholds tend to be stable over
time in a given individual, and that females whose
pain threshold falls in the lower 5% tend to develop
fibromyalgia symptoms when they encounter a
prolonged reduction in motor activity or a pro-
longed deprivation of deep sleep. Family histories
positive for fibromyalgia are common.

Pathogenesis

PET scans of the brain of fibromyalgia patients
show that peripheral stimulation of muscle pres-
sure receptors produces activation of thalamic re-
gions typical of pain rather than touch. Impulses
interpreted centrally as pain are carried by periph-
eral myelinated or unmyelinated nerve fibers in fi-
bromyalgia, whereas in normals they are confined
to unmyelinated fibers. In fibromyalgia, as in other
chronic pain states, there is progressive failure of
inhibitory neurons in the spinal cord to focus affer-
ent sensory impulses appropriately, leading to
“central sensitization,” which widens the range of
sensory impulses perceived as pain, and also en-
larges the area of pain, making it difficult for the
patient to localize pain. Research in progress fo-
cuses on the role in central sensitization of endor-
phins (regenerated by exercise and deep sleep),
serotonin, and other neurotransmitters in the cen-
tral nervous system.

An abundant literature on histologic, physiologic,
and biochemical changes in fibromyalgia muscles
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can be summarized as showing many abnormalities
typical of fatigued incompletely relaxed muscle, but
no primary physiologic abnormalities of muscle have
been proven.

The controversial relationship of fibromyalgia
to psychiatric conditions has recently been clarified.
In general, psychological profiles of fibromyalgia pa-
tient resemble those of other chronic pain patients.
The only psychiatric diagnoses more frequent in fi-
bromyalgia patients than in controls are mood and
anxiety disorders. Furthermore, in community-
based surveys, this association only occurs among
the subset (about one-third) of persons with fi-
bromyalgia who seek medical intervention for their
symptoms, and does not apply to the others who
learn from experience how to control their own
symptoms. One symptom characteristic of inade-
quately treated depression is an inability to initiate
and carry out a treatment program, which may
make it especially difficult for such a patient to con-
trol their fibromyalgia symptoms. Patients with
anxiety disorders have difficulty tolerating the
short-term muscle pain experienced during exer-
cise, fearing that they will damage themselves.
Thus, the psychiatric associations with fibromyalgia
have less to do with primary pathology than with
the probability of treatment success.

Radiologic and Laboratory Features

There are no typical radiologic or laboratory
features of fibromyalgia other than normal values.
The initial workup should focus on ruling out fi-
bromyalgia mimics or exacerbating conditions such
as hypothyroidism (TSH), diabetes (Hemoglobin
Alc) or inflammatory conditions (ESR and CRP). If
muscle spasm is prominent, creatinine, electrolytes,
calcium, and magnesium may be useful. Anemia
should be ruled out as a cause of fatigue. Rheuma-
toid factor and ANA are meaningless in the absence
of specific clinical features of those diseases. Males
should be tested for hypogonadism (free and bound
testosterone).

Medical Management

Many patients expect that when they get sick,
they will visit the physician, get treated with a med-
icine, and recover. This paradigm does not apply in
fibromyalgia, where the success or failure of treat-
ment depends on the patient, who must faithfully
carry out his or her own treatment program on a



194  CHAPTER 6 * Rbeumatic Diseases: Diagnosis and Management

daily basis over many weeks to alleviate his or her
pain. The physician’s role is to rule out alternative
diagnoses, educate the patient, and arrange the first
meeting with the physical therapist who will act as
“coach.”

The management strategy encompasses three
main aspects: (1) patient education; (2) therapeutic
exercise; and (3) achievement of stage 3 sleep. Anal-
gesic drugs have little impact on fibromyalgia
symptoms, and thus play a minor role, especially
when the patient is severely symptomatic.

Education

Even today, patients may have been told that fi-
bromyalgia is psychosomatic, and many are reas-
sured to learn that it is a recognized medical
disorder with a physiologic basis. The two key
points are the relationship of symptoms to depriva-
tion of sleep and reduced physical activity. The es-
sential message is that by following the treatment
plan the patient will learn how to control his or her
symptoms, but that this control is won slowly over
weeks or months. Patients should be taught to iden-
tify and avoid the exacerbating circumstances in
their own lives. Examples include stress causing
muscle spasm or sleep interruption or occupations
entailing tonic muscle tension (orchestra conduc-
tors, keyboard operators, bus drivers). They must
learn that chronic pain does not have the protective
warning function we all associate with acute pain,
and that it is not harmful to engage in painful exer-
cises today in order to decrease the pain you will ex-
perience next month.

A therapist experienced in fibromyalgia should
be able not only to apply the standard treatments, but
also to direct appropriate patients to second line treat-
ments such as ultrasound, biofeedback (for muscle re-
laxation), and acupuncture. Such a therapist should
also be able to individualize the exercise program for
each patient and make adjustments when other
health events occur (e.g., abdominal surgery, because
of the prolonged inactivity, usually requires returning
to an earlier stage of the treatment protocol).

Physical Therapy

Three elements comprise the standard fibromyalgia
treatment protocol: (1) gentle stretching, (2) gradu-
ated conditioning, and (3) transcutaneous nerve
stimulation.

1. The patient begins with muscles that are in-
completely relaxed, which will hurt if con-
tracted too vigorously. Tai Chi-style slow-
motion stretching toward the limit of each
motion promotes relaxation and produces
short-term pain relief, which can be ap-
plied several times per day. Contrasting ac-
tivities to be avoided in the early stages of
treatment are quick forceful contractions.
An athlete needs to warm up before run-
ning a dash to avoid painful muscle spasm,
whereas the fibromyalgia patient needs to
warm up in order to perform normal daily
activity.

2. The conditioning program begins with a low
level of gentle exercise, designed to accelerate
breathing and heart rate, and cause less than
an hour of delayed pain. Swimming or mov-
ing limbs through a full range of motion in a
swimming pool three times per week is ideal,
but walking and other gentle land-based ex-
ercises are an effective second choice. A grad-
ual increase in the intensity and duration of
exercise occurs until pain is controlled. Exer-
cises designed to build strength are especially
painful and may be counterproductive in the
early stages of treatment. Normal daily activi-
ties are encouraged, but do not substitute for
therapeutic exercise.

3. Transcutaneous nerve stimulators (TENS)
help to relax thin muscles lying close to the
skin, so they work much better in the neck
and shoulder region than in the low back
and buttocks. A brief trial with the thera-
pist will usually show whether TENS will
work in a particular patient, who can then
rent a unit on prescription and use it at
home or at work.

The goal of therapy is a patient trained to carry out
a well-designed program on his or her own; pro-
longed “hands on” treatment by a therapist is gen-
erally unnecessary, whereas periodic reassessments
for advancing the program are helpful. The most
common reason for failure of a treatment program
is that the patient has not been doing the exercise.
Reassessment for undertreated depression should
be considered in such a patient. Fibromyalgia pa-
tients should be strongly encouraged to seek ac-
commodations in their work environment (such as
short breaks for stretching) so they can remain pro-
ductive. Social security disability from fibromyalgia
is unusual.



Drug Treatment

The only drugs with well-documented efficacy in fi-
bromyalgia are the tricyclics, such as amitriptyline,
trazodone, nortriptyline, desipramine, or cycloben-
zaprine. A dose given 2 hours before bedtime should
increase the proportion of stage 3 sleep. Intolerable
morning grogginess may necessitate cutting the
dose in half or taking it earlier. Lack of effect over
several nights means a higher dose is needed. Lack
of effect plus morning grogginess means a different
tricyclic should be selected. Usually the beneficial ef-
fects of a regimen become evident between 2 weeks
and 3 months. Sleep apnea may need to be ruled out
by polysomnography, and treated if present for
progress to be made.

Failure to respond to opioids and other analgesics is
so typical of severe fibromyalgia that it is considered to
have diagnostic importance. As the patient’s pain re-
sponds to exercise and treatment, the response to conven-
tional analgesics (such as ibuprofen, Tylenol, or tramadol)
reemerges. Opioids may be partially effective in some pa-
tients. However, breakthrough pain increases with time,
leading to dose escalation. Also narcotics can impair deep
sleep. Narcotic rebound pain can be difficult to distin-
guish from fibromyalgia. For these reasons, opioids are not
recommended in fibromyalgia.
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BONE GROWTH AND DEVELOPMENT

Bone is a living organ that is made primarily of type I collagen. It provides struc-
tural and mechanical support and plays a central role in mineral homeostasis. Its
roles include protecting vital organs and housing bone marrow—as a site for
muscle attachments and as the primary reservoir for calcium and phosphate.

Bone is comprised of cells and extracellular matrices. It is a dynamic entity
regulated by osteoblasts, which are responsible for bone formation, and osteo-
clasts, which are responsible for bone resorption. Pluripotent mesenchymal
cells give rise to marrow stromal-cell progenitors that can proliferate and differ-
entiate into osteoblasts. Peak bone mass is established between 20 and 30 years
of age. Multiple factors influence peak bone mass including race, genetics, nu-
trition, exercise, and in women, regular menstrual cycles. Bone strength is re-
lated to bone mass, distribution of the mass, microarchitectural structure, and
quality of the bone.

199



200 CHAPTER 7 e Metabolic Bone Disease

Nutrition

Poor nutritional states such as anorexia nervosa,
especially prevalent in adolescents, disrupt the
hypothalamic-pituitary-gonadal axis, resulting in
disturbance of menstrual cycles. Eating disorders
such as anorexia nervosa are increasingly preva-
lent, with prevalence rates estimated at 0.5 to 1%
among adolescents and young adults. Certain vari-
ables may identify those patients with anorexia
nervosa at highest risk for low bone density. Lean
body mass and low body mass index have been
strongly correlated with amenorrhea and may be
even more important than variables such as partic-
ipation in physical exercise. Length of amenorrhea
in patients with anorexia nervosa has been in-
versely correlated with bone density in the lumbar
spine and hip. Additional important variables in-
clude greater than 12 months since onset of weight
loss, calcium intake less than 600 mg/day, and
body mass index less than 15. Regional bone loss
may be predicted on the basis of low body weight.

Prevention of osteoporosis during adolescence
in all patients includes a combination of adequate
calcium intake and exercise, which together may
represent the most significant factors. Adolescent
women are at particularly high risk of poor nutri-
tion and limited caloric intake. One study showed
that half of adolescent females skipped one meal
per day, more than half were trying to lose weight,
and almost three-fourths were trying to keep from
gaining weight.

The female athlete triad of disordered eating,
amenorrhea, and osteoporosis, also commonly seen
in adolescents, represents a complex interplay of
poor nutrition and disrupted menstrual cycles lead-
ing to osteopenia and osteoporosis. This triad may
be particularly prevalent in sports that place high
emphasis on appearance, such as gymnastics and
figure skating. Additional nutritional conditions
contributing to osteoporosis include alcoholism, es-
pecially in men. Low bone density in alcoholics ap-
pears to be multifactorial in origin, with hormonal
factors, malabsorption, and liver disease all possible
contributors.

Poor intake of calcium, vitamin D, and total pro-
tein directly impact bone density. Poor nutritional
states such as protein and calorie malnutrition stim-
ulate bone resorption and impair bone formation
secondary to reduced serum insulin-like growth
factor-I. Gastrointestinal disorders such as malab-
sorption syndromes secondary to celiac sprue, ul-
cerative colitis, and Crohn’s disease; primary biliary

cirrhosis; chronic obstructive jaundice; and hepati-
tis are associated with bone loss. Specifically, the
cytokines that are involved in inflammatory bowel
disease and possibly celiac sprue stimulate bone
resorption.

Menstrual Cycles

Regular menstrual cycles in women are exceedingly
important for bone health. Hypoestrogenism is a
well recognized cause of osteoporosis. In young
women, the early diagnosis of primary amenorrhea
is of paramount importance because it strongly cor-
relates with osteopenia. Eating disorders, hyperan-
drogenism, and exercise-induced amenorrhea are all
associated with amenorrhea and oligomenorrhea.

The regulation of menstrual cycles is extremely
important and oral contraceptive pills are usually
utilized to regulate cycles. The composition of the
pills appears to be an important factor; it has been
suggested that the use of the progestin-only contra-
ceptive pills, as well as the depot medroxyproges-
terone acetate may have deleterious effects on bone
accretion. Therefore, special care may need to be
taken when prescribing oral contraception for the
regulation of menstrual cycles.

Hypogonadism

Hypoestrogenism in women and low testosterone
levels in men are associated with low bone density.
Men who receive treatments for conditions like
prostate cancer with luteinizing hormone-releasing
hormone (LHRH) agonist analogues are at in-
creased risk for low bone density. The sex steroids
are important in men, both during peak bone for-
mation as well as for the maintenance of bone
strength in adults.

Calcium and Vitamin D

Adequate calcium intake is essential during adoles-
cence and has been shown to increase bone mineral
density. It may be most beneficial to those adoles-
cent girls who are greater than 2 years after menar-
che. Vitamin D deficiency has been correlated with
low bone mineral density in adolescent girls, partic-
ularly in the lumbar spine.

In adults, adequate calcium and vitamin D intake
remains a priority, with recommended minimum
daily intakes of 1200 mg and 400 IU, respectively.



Elderly postmenopausal patients may benefit from
higher doses of calcium and vitamin D. The use of
calcium and vitamin D in the elderly can result in
gains in bone mineral density in the spine and hip
ranging from 1% to 3%.

Vitamin D is mainly produced in the skin with
the activation of sunlight. It is photoconverted from
7-dehydrocholesterol in the skin to cholecalciferol (vi-
tamin D3) by UV radiation from sunlight and in the
diet is supplied as either vitamin D3 or from the plant
sterol ergosterol as vitamin D2 (ergocalciferol). Vita-
min D is hydroxylated at the 25 position in the liver
and is then hydroxylated by the 1 a-hydroxylase
enzyme in the kidney to the active metabolite 1,25
(OH) 2D.

Vitamin D is needed to maintain calcium home-
ostasis as it increases intestinal absorption of dietary
calcium. With low dietary calcium intake, osteoblasts
signal osteoclast precursors to mature and dissolve
the calcium stored in bone. Vitamin D is metabolized
in the liver and then the kidney under parathyroid
hormone control to 1, 25-dihydroxyvitamin D. 1, 25-
dihydroxyvitamin D receptors are present in many
organs, including the intestine, bone, brain, heart,
stomach, and pancreas.

In the elderly, the most common cause of in-
creased bone resorption is calcium deficiency. Both
calcium and vitamin D deficiency are very com-
mon in the elderly and can be attributed to poor
diet, lack of sunlight, malabsorption syndromes,
and various drugs that are degraded by the liver
enzymes. Postmenopausal patients supplemented
with calcium and vitamin D have shown preser-
vation of bone mineral density and a reduction in
osteoporotic fractures. Vitamin D deficiency ap-
pears to be widely underdiagnosed and under-
treated. Nonambulatory elderly housebound adults
are at particularly high risk of vitamin D defi-
ciency. Exposure to sunlight can increase bone
mineral density in elderly osteoporotic patients
through elevation of 25-hydroxyvitamin D levels.
Vitamin D is an essential vitamin that helps to reg-
ulate serum calcium. Vitamin D deficiency is asso-
ciated with poorer function and increased hip
fracture prevalence. Women with vitamin D defi-
ciency can present with normal levels of calcium,
increased serum PTH, and hypocalciuria. Vitamin
D and calcium supplementation are associated
with a decreased risk of hip fractures (< 25%) and
are shown to be cost effective.

Calcium and vitamin D may be ingested in foods
naturally containing these nutrients as well as with
foods supplemented with the nutrients. Calcium
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occurs naturally in dairy products and broccoli.
Foods fortified with calcium including orange juice
and cereals can help to increase dietary intake of
calcium. Vitamin D occurs naturally in foods such
as salmon and mackerel and in fish oils including
cod liver oil. Cereals, bread products, and milk for-
tified with vitamin D are good supplemental sources
of vitamin D.

Exercise

Physical activity during childhood and adolescence,
the peak bone forming years, is essential. Peak bone
mass accretion during childhood and adolescence
may be as important as bone loss, which occurs dur-
ing adulthood. Weight-bearing exercise throughout
the life cycle has been shown to be beneficial and
appears to be especially important in adolescence. In
combination with calcium supplementation, weight-
bearing exercise has been shown to increase bone
mineral density in adolescent women. High impact
weight-bearing exercises may be particularly effec-
tive in premenarchal girls. In mature women, exer-
cise will not increase bone mass but will improve the
quality of bone and decrease fracture risk.

Weight bearing is essential, while lack of weight
bearing has deleterious effects on bone mineral den-
sity. Prolonged immobilization, secondary to condi-
tions such as spinal cord injury or coma, as well as
prolonged space flight are known to have deleteri-
ous effects on bone density.

Accumulation of Peak Bone Mass

Peak bone mass is accrued during childhood and
adolescence, with almost half of peak adult bone
mass acquired during adolescence. Failure to achieve
peak bone mass can contribute to osteopenia and os-
teoporosis. Numerous factors contribute to peak
bone mass formation during this time period. These
factors include gender, heredity, nutrition, exercise,
and the presence of endocrinopathies. The role of nu-
trition, exercise, and presence of endocrinopathies is
discussed elsewhere in this chapter.

Menopause

During the perimenopausal years, bone resorp-
tion is increased and bone loss accelerated. This is
more marked in the trabecular than in cortical
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bone because of the trabecular bone’s greater sur-
face area. In estrogen deficient states, remodeling
increases: more bone is remodeled on its endosteal
surface and within these sites even more bone is
lost as more bone is resorbed while less is re-
placed, accelerating architectural delay. The bone
loss that occurs during menopause is associated
with increased periosteal apposition, which par-
tially preserves bone strength. Areas of the skele-
ton with primarily trabecular bone, such as the
distal forearm and vertebrae, are particularly sus-
ceptible to fracture during this time.

Osteoporosis: Scope of Problem

Osteoporosis is the most common metabolic bone
disease and affects 200 million worldwide and 25
million in the United States. It is a disease that is
often underlooked and undertreated—Iikely in
part because it is a clinically silent disease until it
manifests in the form of fracture. Osteoporosis has
significant physical, psychosocial, and financial
consequences.

Osteoporosis Definition

Osteopenia and osteoporosis are determined on the
basis of bone mineral density readings. Osteoporo-
sis is a condition in which bone mineral density de-
creases and the fragility of bone leads to increased
susceptibility to fracture. The World Health Organi-
zation has defined osteopenia as a T-score of -1 to
-2.5 standard deviations below peak bone mass in
controls and osteoporosis as a T-score of 2.5 stan-
dard deviations or greater below peak bone mass in
controls.

Risk Factors for Osteoporosis

Low bone density represents the main risk factor for
osteoporosis. Major primary risk factors include
personal history of fracture as an adult, history of
fragility fracture in a first degree relative, low body
weight (less than 127 Ibs), and current smoking. Ad-
ditional risk factors include Caucasian race, advanced
age, female sex, dementia, estrogen deficiency (early
menopause, bilateral ovariectomy; prolonged pre-
menopausal amenorrhea (> 1 year), low lifelong cal-
cium intake, alcoholism, impaired eyesight despite
correction, inadequate physical activity, and poor
health/frailty. Numerous medical conditions and

medications are associated with low bone density.
These conditions include hyperparathyroidism, hy-
perthyroidism, osteomalacia/rickets, malabsorption
syndromes, inflammatory bowel disease, and multi-
ple myeloma. Medications associated with increased
risk include prolonged heparin use, anticonvulsants,
cytotoxic drugs, and tamoxifen.

Bone Mineral Density Testing

Bone mineral density testing may be performed using
dual energy x-ray absorptiometry (DEXA), quantita-
tive CT, or other modalities, but DEXA is considered
the gold standard. DEXA represents the areal bone
density. Sites of measurement are the spine, the hip,
and the wrists. Precision between tests approximates
2%. The National Osteoporosis Foundation recom-
mends that bone mineral density should be measured
in the following groups of patients:

1. All women 65 years and older regardless of
risk factors.

2. All postmenopausal women under age 65
years with one or more risk factors for os-
teoporosis (other than being white, post-
menopausal, and female).

3. Postmenopausal women who are consider-
ing therapy for osteoporosis, if bone mineral
density testing would facilitate the decision.

4. Postmenopausal women who present with
fractures (to confirm diagnosis and deter-
mine disease severity).

Medicare coverage for bone mineral density testing
is as follows:

1. Estrogen deficient women at clinical risk for
osteoporosis.

2. Individuals with vertebral abnormalities.

3. Individuals receiving, or planning to receive,
long-term corticosteroid therapy.

4. Individuals with primary hyperparathy-
roidism.

5. Individuals being monitored to assess the re-
sponse or efficacy of an approved osteoporo-
sis drug therapy.

Fracture Determinants

Osteoporotic fractures typically occur in regions
with large volumes of cancellous bone. The ability of
a structure like cancellous bone to carry loads de-
pends on several factors including bone quantity or
tissue volume, architecture or tissue geometry, and
material or tissue composition.



Falls

Falls or applied loads are implicated in the devel-
opment of osteoporotic fractures, especially hip frac-
tures. Falls are exceedingly common in community
dwellers and in the nursing home setting. Hip frac-
tures are most often associated with falls directly onto
the hip. Determinants of fracture risk in the setting of
falls include hard impact surfaces, quantity of soft tis-
sue covering the hip region, and low bone density.
Causes of falls are multifactorial and include medica-
tions, underlying medical conditions such as periph-
eral neuropathy, neuromuscular deficits including
weakness, decreased visual acuity, cognitive impair-
ment, and poor general physical health. Screening for
falls risk should include neuromuscular examination,
watching the patient ambulate and perform tandem
gait and simple functional tests, including the get-up-
and-go-test and 6-minute walk test. These simple
tests may be performed in the physician’s office or a
physical therapy gym.

In 2003, the Cochrane Review assessed the effects
of 62 trials involving 21,668 people using interven-
tions designed to reduce falls risk in the elderly. The
trials focused on falls and number of fallers. The re-
view concluded that interventions likely to be benefi-
cial in reducing falls included multidisciplinary,
multifactorial, health and environmental risk factor
screening; programs of muscle strengthening and
balance retraining; home hazard assessments and
modifications professionally prescribed for older
people with a history of falling; withdrawal of psy-
chotropic medication; cardiac pacing for fallers with
cardioinhibitory carotid sinus hypersensitivity; and
a 15-week Tai Chi group exercise intervention. The
authors found that interventions of unknown effec-
tiveness included nutritional supplementation,
group-delievered interventions, vitamin D supple-
mentation, pharmacological therapy, cognitive/
behavioral interventions alone, amongst others. The
authors concluded that there are interventions that
are likely to reduce falls, but that further studies as-
sessing prevention of injuries related to falls are
needed.

DIFFERENTIAL DIAGNOSIS
OF OSTEOPOROSIS

Secondary causes of osteoporosis should be consid-
ered in the differential diagnosis of osteoporosis and
ruled out appropriately. In one review of 1,015 female
patients, a secondary cause for osteoporosis was
found in 8.6% of 384 osteoporotic patients. The most
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common secondary causes of osteoporosis included
thyrotoxicosis and parathyroid adenoma. Additional
conditions to be considered in the differential diagno-
sis of osteoporosis should include diseases of the
bone marrow such as multiple myeloma, connective
tissue diseases such as Ehlers-Danlos and osteogene-
sis imperfecta, other endocrinopathies such as type I
diabetes mellitus, and Paget’s disease. These condi-
tions are outlined in the following sections.

Bone Marrow Diseases

Multiple Myeloma

Multiple myeloma is the most common primary
neoplasm of the skeleton. In the United States, ap-
proximately 12,000 cases of multiple myeloma are di-
agnosed each year. Bone pain related to lytic lesions is
the most common presentation of multiple myeloma.
Additional presentations include systemic symptoms
including weakness, infections, fever, or weight loss.
Multiple myeloma should be ruled out with the use
of serum and urine immunoelectrophoresis, serum
and urine protein electrophoresis, complete metabolic
panel, and complete blood count. In a review involv-
ing 1,027 patients diagnosed with multiple myeloma,
anemia was present in 73% of patients, hypercal-
cemia in 13% of patients, and serum creatinine level
of 2 mg/dL or more in 19%, B,-microglobulin level
was increased in 75%, serum protein electrophoresis
revealed a localized band in 82% of patients, immu-
noelectrophoresis or immunofixation showed a mon-
oclonal protein in 93%, and a monoclonal light chain
was found in the urine in 78%.

Multiple myeloma may have two distinct pre-
senting subtypes: presenting with bone lesions and
a nodular growth pattern and the other presenting
with anemia and infiltrative growth pattern.

Connective Tissue Disorders

Patients with connective tissue disorders including
osteogenesis imperfecta, Ehlers-Danlos, and Marfan
syndrome can present with low bone density. Patients
with these disorders have clinical findings related to
collagen defects. Patients with osteogenesis imper-
fecta can present with an array of physical findings
including bone fragility, dentinogenesis, scoliosis,
blue sclera, and hyperlaxity; Ehlers-Danlos patients
have hypermobile joints and hyperelastic skin; and
patients with Marfan syndrome have disorders of the
musculoskeletal, cardiovascular, and ocular systems.
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Endocrinopatbies

Primary Hyperparathyroidism

Primary hyperparathyroidism occurs secondary
to parathyroid gland adenoma in 85% of cases. Other
causes include parathyroid gland hyperplasia or
glandular adenocarcinoma. Primary hyperparathy-
roidism results in disturbances in serum calcium
homeostasis, which are detected by the kidney. In re-
sponse to primary hyperparathyroidism, the kidney
increases tubular resorption of calcium, decreases re-
sorption of phosphate and bicarbonate, and excretes
excessive amounts of calcium in the urine.

Optimal localization imaging techniques include
99m Tc-sestamibi scintigraphy and ultrasonography.
This combination helps to detect nodular goiter. In
addition, a 24-hour urinary calcium excretion should
be obtained in order to rule out familial hypocalci-
uric hypercalcemia.

Familial forms of hyperparathyroidism asso-
ciated with MEN syndromes including MEN I
and MEN II. MEN I is associated with hyperpla-
sia of the parathyroid gland, with islet cell tumor
and pituitary adenoma. MEN Ila is associated
with medullary thyroid carcinoma with bilateral
pheochromocytoma and hyperplasia of the
parathyroid gland and MEN IIb has these find-
ings with neurocutaneous manifestations without
primary hyperparathyroidism.

In primary hyperparathyroidism serum levels
of calcium are elevated and serum levels of phos-
phate are decreased. Patients present with weak-
ness, urolithiasis, peptic ulcer disease, pancreatitis,
and bone and joint pain and tenderness. In pri-
mary hyperparathyroidism, the excessive secre-
tion of parathyroid hormone results in different
effects in cortical and trabecular bone. In cortical
bone, bone turnover increases, resulting in increased
resorption at the endosteal envelope, increased cor-
tical porosity, and thinned cortical bone. This condi-
tion is contrasted to cancellous bone, where there is
reduced osteoclastic resorption and osteoblastic bone
formation at individual bone multicellular units, re-
sulting in diminished erosion depth, decreased bone
formation, and decreased thickness of bone struc-
tural units.

Patients with mild primary hyperparathy-
roidism can be treated with bisphosphonates at
doses similar to those administered in osteoporosis.
In addition, surgical treatment has been very suc-
cessful in situations where medical management is
insufficient.

Secondary Hyperparathyroidism

Hypocalcemia stimulates parathyroid hor-
mone secretion and chronic conditions stimulate
parathyroid gland hyperplasia resulting from end-
organ resistance to parathyroid hormone. This can
be caused by several different mechanisms includ-
ing intestinal causes, impaired PTH action, and loss
of calcium from the extracellular compartment. It is
most commonly caused by renal disease.

Intestinal causes of secondary hyperparathy-
roidism include impaired dietary calcium intake,
impaired dietary calcium absorption, and vitamin
D-deficient states. Impaired PTH action can result
in renal failure, in impaired gut calcium absorp-
tion, impaired parathyroid calcium sensing, and in
pseudohypoparathyroidism. Loss of calcium from
the extracellular compartment can occur during
bone growth, during recovery postlactation, in as-
sociation with bisphosphonate treatment, during
lactation, in cases of idiopathic hypercalciuria, in
increased sodium excretion, with the use of loop
diuretics, and in rhabdomyolysis and sepsis. Nutri-
tional disorders, with resulting reduced calcium
and vitamin D, can also cause secondary hyper-
parathyroidism.

Secondary hyperparathyroidism is commonly
caused by chronic kidney disease which can lead
to significant bone loss. It stems from disruptions
in calcium, phosphorus, vitamin D, and parathy-
roid hormone metabolism. Early treatment for
renal failure should include restricting dietary
levels of protein and phosphorus as well as sup-
plementation of calcium levels. In secondary hy-
perparathyroidism, bone is removed from a
dwindling bone mass, with concurrent bone for-
mation on the periosteal bone surface during
aging that in part offsets bone loss and increases
bone’s cross sectional area.

Treatment of secondary hyperparathyroidism
in end stage renal patients is critical. Important
medications in these patients include noncalcemic
vitamin D analogs including 22-oxacalcitriol (Maxa-
calcitriol), 19-nor-la, 25(OH)2D2 (Paracalcitriol),
and la (OH)2D2 (Doxercalciferol) and calcimimetic
agents that bind parathyroid calcium sensing recep-
tors and reduce PTH secretion.

Tertiary Hyperparathyroidism

Tertiary hyperparathyroidism that occurs in sit-
uations of long-standing secondary hyperparathy-
roidism is a condition in which the cause for
secondary hyperparathyroidism has been corrected



but the parathyroid glands function autonomously
producing hormone despite a lack of calcium imbal-
ance hormone synthesis.

Radiologic findings in hyperparathyroidism in-
clude demineralized and poorly defined bone and
the presence of brown tumors. Rugger jersey spine
describes ill-defined bands of increased bone density
next to the vertebral endplates that can occur in any
situation associated with hyperparathyroidism. A
bone scan demonstrates generalized uptake in the
skeleton with diminished soft-tissue activity, giving
the “super scan” appearance. Uptake also may be in-
creased in the long bones, periarticular regions, cal-
varium, mandible, a “tie” sternum, and “beading” of
the costochondral junctions.

Diabetes Type 1

Postteenage women with type I diabetes melli-
tus have lower bone mineral density than controls,
and are at increased risk of osteoporosis. Diagnosis
is made on the basis of elevated glucose levels.

Cushing’s Syndrome

Cushing’s syndrome, in which there is excessive
endogenous glucocorticoid production, is associated
with both osteopenia and osteoporosis. Diagnosis is
made by measurement of urinary-free cortisol, with
surgical treatment the preferred method of treat-
ment. latrogenic Cushing’s disease is common and
occurs after treatment for asthma and polymyalgia
rheumatica.

Hyperthyroidism

Thyroid hormone suppresses bone formation
and patients with hyperthyroidism are noted to
have low bone density. Thyroid hormone increases
osteoclast activity to a greater extent than os-
teoblastic activity. Patients with thyrotoxicosis
have increased fracture risk. Surface area of un-
mineralized matrices increase, with increased
numbers of osteoclasts and resorption sites. Obese
patients often use thyroid overdosage to control
their weight.

Rickets and Osteomalacia

Vitamin D deficiency can result in rickets and os-
teomalacia in childhood and adulthood, respectively.
Rickets is a disease in growing children or adoles-
cents, and is characterized by failure or delayed min-
eralization of endochondral new bone at the growth
plates. Osteomalacia is a failure of mineralization of
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newly formed osteoid at sites of bone turnover or pe-
riosteal or endosteal apposition in adults.

Cases of rickets and osteomalacia include lack
of dietary absorption and diminished gut absorp-
tion of vitamin D or of calcium. This may be found
in malabsorption syndromes such as Crohn’s dis-
ease or small bowel resection and liver (biliary and
hepatocellular) diseases that lead to problems with
gut absorption of vitamin D and interference with
25-hydroxylation of vitamin D, respectively.

Rickets can be seen in patients with hereditary
defects in vitamin D-signaling molecules, in disor-
ders of phosphate metabolism, and in situations
where there is extrarenal synthesis of 1,25-Hy-
droxyvitamin D such as in granulomatous disease.
Renal diseases can interfere with 1-hydroxylation
of 25-vitamin D. Renal tubular disorders (vitamin
D-resistant rickets), such as x-linked hypophos-
phatemia and cystinosis, result in abnormally in-
creased clearance of inorganic phosphorus
(hypophosphatemia) with diminished ability to
mineralize osteoid. Medications such as Dilantin
and phenobarbital can interfere with vitamin D
hydroxylation and function.

Clinical findings in patients with rickets and os-
teomalacia include painful limbs and muscle weak-
ness, particularly in the elderly. Common laboratory
abnormalities include low normal calcium, low
phosphate, increased intact PTH, increased bone and
total alkaline phosphatase, and low urinary calcium.

Irregular trabeculae may be visualized on radi-
ologic imaging in both rickets and osteomalacia.

In rickets, there is undermineralization of os-
teoid at growth plates (metabolically active sites),
particularly noted at sites of rapid bone growth such
as proximal and distal femur, proximal tibia, proxi-
mal humerus, and distal radius. Therefore, findings
include widened and irregularly shaped physeal lu-
cencies, many times with flaring of metaphyses and
rachitic rosary in ribs secondary to involvement at
multiple costochondral junctions. Radiographic find-
ings in osteomalacia include lucent, coarsened bones,
due to a mixture of decreased bone density, and pos-
sibly radiographic density contributed by nonminer-
alized osteoid. Looser zones or pseudofracture,
which are linear foci of undermineralized osteoid at
sites of mechanical loading, are classically present,
and often appear as linear lucencies perpendicularly
oriented to the cortex of the bone with incomplete
penetration of bony width, which usually occur
along concave aspects of bone. These characteristics
are commonly seen in the femoral neck, pubic rami,
posterior part of ribs, and below the lesser femoral
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trochanter and less frequently in the lateral border of
the scapulae, forearm, and wing of ilium. Bone scan
can detect cortical infarctions, which are precursors to
Looser’s zones. Vertebral bodies can have a ground
glass appearance.

Rickets and osteomalacia are both treated with
high doses of vitamin D.

Paget’s Disease of Bone
g

Paget’s disease of bone is a progressive bone dis-
ease in which there is bone hypertrophy and disor-
ganized bone remodeling. It is characterized by
bone expansion, cortical bone thickening, and tra-
becular bone thickening. It is suspected that Paget’s
disease has an underlying viral cause. Osteoclasts
and osteoclast precursors respond abnormally to
1,25 (OH)2 D3 and RANK ligand. Osteoclasts are
activated with resultant osteolysis, followed by an
osteoblastic response until a new equilibrium is es-
tablished between bone production and bone lysis.
Histologically, there is a mosaic-like appearance of
osteoid secondary to rapid disordered bone resorp-
tion and production.

Clinical presentations of Paget’s disease of the
bone can include pain, osteoarthritis, deformities,
unsteady gait, and hearing impairments. The three
stages of Paget’s disease include (1) lytic phase; (2)
mixed lytic and blastic phase, which corresponds to
onset of osteoblastic activation in response to osteo-
clastic bone resorption; and (3) sclerotic phase.

Laboratory values include normal serum phos-
phorus and calcium levels but elevated serum alka-
line phosphatase, serum, and urine hydroxyproline.
Radiographic imaging and bone scans are useful di-
agnostic imaging tools. Radiologic findings of Paget’s
disease include “osteoporosis circumscripta,” which
is acutely marginated bone demineralization during
the lytic phase of disease in the skull, and the “blade
of grass and flame-shaped margin,” which describes
acutely marginated demineralization of long bones.
In addition, there are “picture frame vertebrae,”
which describes the mixed lytic and sclerotic phase in
the spine, and “cotton wool” skull, which describes
the mixed lytic and sclerotic phase in the skull.

Complications of Paget’s disease include os-
teoarthritis, basilar skull invagination, insufficiency
fractures, protrusio acetabuli, and proximal femoral
varus deformity. Neurologic complications related
to osseous expansion include sensorineural and con-
ductional hearing loss and spinal stenosis. Osteosar-
coma can rarely develop in these patients.

Treatment with bisphosphonates is the treatment
of choice, and it addresses osteoclastic-mediated
bone resorption. Calcitonin can also be used for
treatment.

TREATMENT OF OSTEOPOROSIS
Medical

Calcium /Vitamin D

Patients with osteoporosis require between
1,200 and 1,500 mg of elemental calcium per day and
between 400 and 800 IU of vitamin D per day. It is
essential that calcium and vitamin D are taken to-
gether. Dairy products are a good source of calcium
but most individuals require dietary supplementa-
tion with calcium carbonate or calcium citrate. Vita-
min D is found in fish, such as salmon and mackerel;
in fish liver oils, such as cod oil; and in fortified
foods, such as orange juice and cereals.

Bispbosphonates

Bisphosphonates represent the most potent class
of drug in the prevention and treatment of osteo-
porosis. This class of drugs are pyrophosphate
analogs, which strongly bind to the hydroxyapatite
of bone, inhibiting osteoclast activity. Alendronate
(Fosamax) and risedronate (Actonel) are the two
main oral bisphosphonates utilized for osteoporosis,
with the intravenous bisphosphonates pamidronate
(Aredia) and zolendronate (Zometa) used off label.
Adverse effects for the oral bisphosphonates include
gastrointestinal complications such as gastritis or
esophagitis, abdominal pain, nausea, vomiting, diar-
rhea, and constipation, while adverse effects for the
intravenous bisphosphonates include fevers and a
flu-like syndrome. The administration of concurrent
acetaminophen, antihistamine, and nonsteroidal
anti-inflammatory medication helps to minimize
these transient complications.

Alendronate has been proven to be effective in
postmenopausal osteoporosis in increasing bone
mineral density and decreasing the risk of fracture.
A 5 mg daily dose of alendronate administered for
24 months, and then increased to 10 mg, results in
fewer radiographic vertebral fractures in the treat-
ment group versus placebo, with average increases
in the lumbar spine BMD of about 5% after one
year, and then 1.5% per year for the next 2 years. At
the end of 3 years, BMD increases by about 6% in
the femoral neck and about 7% in the trochanter.



Alendronate has demonstrated efficacy in men and
individuals on steroids. A single weekly dose is as
clinically effective as daily dosages. Alendronate de-
creases spinal and appendicular fractures by 50%.

Risedronate has also been shown to be effective
in increasing BMD and in reducing fracture risk.
Treatment with a 5 mg daily dose of risedronate re-
duces the risk of new vertebral fractures by 62%
versus control and reduces new vertebral frac-
tures by 90% versus control. A 5 mg oral daily
dose of risedronate results in BMD increases after
only 6 months of therapy, and at 24 months, lumbar
spine BMD is increased from baseline by 4%, with
increases of 1.3% and 2.7% seen in the femoral neck
and femoral trochanter, respectively. A 35 mg once
weekly dose of risedronate appears to be as effec-
tive as a 5 mg daily dose in reducing vertebral frac-
ture risk. Like alendronate, risedronate also decreases
hip fractures.

Parenteral pamidronate has also been used off
label in the treatment of postmenopausal women
with osteoporosis who are intolerant to oral bispho-
sphonates. It has been shown to be have compara-
ble effects on bone mineral density when compared
with alendronate. Fracture data are currently not
available.

Parenteral zolendronate, also used off label, ad-
ministered at intervals of one year, produced com-
parable effects on bone turnover and BMD to those
seen with oral dosing with bisphosphonates. A ran-
domized, double-blind, placebo-controlled trial doc-
umented bone mineral density increases in the
treatment group that were 4.3 to 5.1% higher than
those in the placebo group, with suppressed bio-
chemical markers of bone formation.

Parathyroid Hormone

Parathyroid hormone is the anabolic agent ap-
proved for the treatment of osteoporosis. Approved
by the U.S. Food and Drug Administration in No-
vember 2002, this subcutaneous daily medication
has shown promising results in prospective studies.

The 20-mcg dose of 1-34 parathyroid hormone
has been shown to both increase bone mineral den-
sity and decrease fracture risk, with fewer side ef-
fects than the 40-microgram dose. In a study
involving 1,637 postmenopausal women with prior
vertebral fractures, women who took a 20-mcg
daily dose of 1-34 parathyroid hormone demon-
strated a 0.35 relative risk of fracture compared to
placebo and increases of 9% in the lumbar spine and
3% in the femoral neck.

207

Tirreatment of Osteoporosis

The use of parathyroid hormone in the treat-
ment logarithm of osteoporotic patients remains
unclear. Clinical studies have suggested that the
concomitant administration of parathyroid hor-
mone with bisphosphonate medication may miti-
gate parathyroid hormone’s effects. In a study
involving 83 men with low bone density random-
ized to received alendronate, parathyroid hormone,
or both, bone density in the lumbar spine and
femoral neck increased significantly than in the
other groups (p < 0.001). The combination therapy
group had increased bone density in the lumbar
spine and femoral neck compared to those in the
alendronate group. Another study involving 238
postmenopausal women using 100 mg of daily
parathyroid hormone (1-84), alendronate or both
showed that the volumetric density of the trabecu-
lar bone at the spine in the parathyroid hormone
group increased about twice that in either of the
other groups after 12 months.

Calcitonin

Nasal calcitonin (Miacalcin) is helpful in the
management of bony pain secondary to fracture and
also works to increase bone mineral density and de-
crease fracture risk. Typically, analgesia for bone
pain is achieved as early as the first to second week
of use. The mechanism of activity is not well under-
stood, though the endogenous opiate system may
play a role in mediating the analgesic effects. A 5-
year, double-blind, randomized, placebo-controlled
study in 1,255 women with established osteoporosis
demonstrated that the 200 IU dose reduces the risk
of new vertebral factures by 33% compared to
placebo, with gains of 1 to 1.5% in the lumbar spine
bone mineral density in patients receiving 100, 200,
and 400 IU of calcitonin daily. It has no protective ac-
tion regarding hip fractures.

Estrogen/Selective Estrogen Receptor
Modulators

Estrogen used for the alleviation of symptoms
following menopause may increase bone density and
decreases fractures by 35%, but is not used as a pri-
mary agent in the treatment of osteoporosis due to its
many potential complications. Estrogen has been as-
sociated with increased incidence of coronary heart
disease events, strokes, pulmonary embolisms, and
invasive breast cancers in patients receiving conju-
gated equine estrogens plus progestin. Therefore, it
has been concluded that the overall health risks from
estrogen exceeds the benefits from use.
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Selective estrogen receptor modulators such as
raloxifene may increase bone mineral but are not
considered primary agents in the treatment of os-
teoporosis. They decrease spine fracture by 35 to
40% but have no effect on hip fractures. Further-
more, they have been associated with venous
thromboembolism and hot flashes.

Nonmedical Management of Osteoporosis

The nonmedical treatment of osteoporosis repre-
sents an extremely important, though often over-
looked, facet of the appropriate management of
osteoporotic individuals. Treatments, including
physical therapy, the use of orthoses such as the
posture training support and hip protectors, and
the minimally invasive spine procedures vertebro-
plasty and kyphoplasty, are exceedingly important
players in a comprehensive multidisciplinary man-
agement approach to osteoporosis.

Physical therapy and exercise programs should
be specifically geared toward the patient with os-
teoporosis. Balance exercises and strengthening
exercises of the bilateral lower extremities and
weight-bearing exercises may help to decrease fall
risks. In particular, Tai Chi has been shown to re-
duce falls risk almost by 50%. Back extensor
strengthening exercises can decrease thoracic
kyphosis and possibly prevent vertebral compres-
sion fractures. In addition, aerobics and weight-
bearing and resistance exercises can increase bone
mineral density in the spine, and walking can result
in increased bone mineral density in the hip.

Hip protectors are orthoses comprised of padding
placed in undergarments worn over the greater
trochanter to help absorb impact on fall. They have
been documented to significantly decrease hip frac-
ture risk in elderly institutionalized patients. Poor pa-
tient compliance remains the main obstacle to their
use. The posture training support, CASH (cruciform
anterior spinal hyperextension) brace, and the Jewett
brace can all be used in individuals with symptomatic
vertebral compression fractures to minimize thora-
columbar flexion. The posture training support may
minimize the symptoms accompanying painful verte-
bral compression fractures.

Vertebroplasty and kyphoplasty are two mini-
mally invasive spine procedures utilized in the man-
agement of painful vertebral compression fractures
that have demonstrated excellent results in allevia-
tion of pain. Both procedures involve placement of
polymethylmethacylate into a symptomatic fractured

vertebral body. Kyphoplasty provides excellent re-
duction of fracture, restoring vertebral body height
and restoring function.

CONCLUSIONS

Bone is a dynamic organ that has many functions.
Many factors, including nutritional status, hormonal
status, calcium and vitamin D, and regular weight-
bearing exercise, play a role in bone development.

Osteoporosis is a condition with decreased
bone mineral density and resulting increased
fragility. It is the most common metabolic bone dis-
ease but is often underdiagnosed and undertreated.
Osteoporosis can be treated with medical manage-
ment as well as a comprehensive multidisciplinary
approach.

The differential diagnosis for osteoporosis in-
cludes other metabolic bone diseases, including hy-
perparathyroidism, rickets/osteomalacia, and Paget’s
disease, among others. These conditions should be
ruled out appropriately.
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his chapter will cover the diagnosis and management of the most com-
mon neuromuscular disorders. These disorders present some of the most chal-
lenging problems in orthopaedics.

ORTHOPAEDIC MANIFESTATIONS OF CEREBRAL PALSY

Although the brain injury that results in the clinical picture of cerebral palsy (CP)
is static, the orthopaedic manifestations are often evolving, due to the effects of
abnormal muscle tone and movement disorders over the individual’s lifetime.
For instance, one of the first features of CP may be delay in the normal motor
milestones of development. For example, some eventually spastic patients may
first present with hypotonia and be considered a “floppy baby.” Later the child
will demonstrate retardation in normal motor development. In general, most
children are able to sit independently by 6 months and the normal range of walk-
ing onset is from 9 to 18 months. Patients with CP will have delay in these mile-
stones that is concordant to their level of brain injury. Hemiplegic patients may
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walk in the upper range of normal gait onset or
have delays of several months. Diplegic patients
may not walk until 2 to 3 years of age; severely in-
volved diplegic patients or quadriplegic patients
may never walk. Understandably, families are fo-
cused on the potential for ambulation for their chil-
dren. Bleck has described a rating system based on
retention of certain neonatal reflexes beyond one
year of age; this system can be used to predict even-
tual walking. One point is given for the presence of
asymmetric tonic neck reflex, neck-righting reflex,
Moro reflex, an absent parachute reaction, an absent
foot-placement reaction, and extensor thrust. If
more than two are present the prognosis for ambu-
lation is poor. In general, if a child is unable to sit
unsupported by 4 years of age, the potential of in-
dependent ambulation is low.

Abnormal muscle forces and control may result
in altered function and development of every aspect
of the musculoskeletal system. In general, the more
severe fixed skeletal deformities result in those indi-
viduals with spasticity. A child with significant
components of movement disorders such as atheto-
sis tends to not develop fixed contractures. These
children will move their extremities about and tend
to provide excellent range of motion therapy on
their own. Results of orthopaedic treatment are less
predictable in patients with movement disorders
then in those with pure spasticity. The bulk of treat-
ment options, which we will discuss, are directed
toward those patients with spasticity as a major fea-
ture of their CP.

Musculoskeletal interventions for patients with
CP are individualized for each patient and may con-
sist of a variety of different modalities. Rehabilita-
tive methods include physical and occupational
therapy, casting or orthotic use, seating programs,
and medical management to reduce spasticity (oral
baclofen or valium) or injection of phenol around
the motor nerves or botulinum A toxin injection.
The later modality has revolutionized the care of
spasticity in younger patients with cerebral palsy.
Botulinum A toxin is a potent neurotoxin produced
by clostridium botulinum that induces a prolonged,
but reversible, paralysis of skeletal muscle. The
toxin diffuses locally and prevents the release of
acetylcholine at the neuromuscular junction. The ef-
fects on the neuromuscular junction are not perma-
nent, but rather reversible, further suggesting the
possibility for botulinum A toxin as a temporary
agent. The effect of the toxin is related to the dose,
the concentration of the dose injected, and the loca-
tion within the muscles. With time, the temporary

blockade is reversed with new sprouting of nerve
fibers, which then tend to retract once the original
toxin effect at the neuromuscular blockade is re-
versed. In general, botulinum A toxin lasts for 3 to 4
months with better results seen in younger patients
and patients with initial treatment. Efficacy tends to
wane with repeated doses and increased age of the
patients. Although commonly used to combat dy-
namic contractures (spasticity) in an attempt to avoid
the morbidity from surgical release of muscle con-
tractures, some clinicians have attempted to expand
the indications of botulinum A toxin to individuals
with muscle contractures. Unfortunately it is un-
known whether the combination of chemical mus-
cle relaxation (botulinum A toxin) and progressive
stretch (serial casting) will actually make muscles
longer.

Neurosurgical methods of spasticity control in-
clude selective dorsal root rhizotomy (SDR) and in-
trathecal baclofen (ITB) pump placement. Selective
dorsal root rhizotomy (SDR) is useful in the 4- to 5-
year-old diplegic patients with pure spasticity and
no fixed joint contractures who are ambulatory.
These children are usually a result of premature de-
livery and with a higher association of low birth
weights. The indications for SDR have regional dif-
ferences; some centers have broad experience while
others tend to utilize orthopaedic surgery as the pri-
mary method to improve function. The primary
benefit of SDR is to reduce spasticity and improve
the quality and smoothness of gait. This translates
into more efficient gait with less oxygen need. These
individuals may still require orthopaedic surgery
for bony abnormalities or residual contractures. Pa-
tients who undergo SDR should be admitted for in-
tensive therapy for approximately one month.
Potential complications include development of
spinal deformity in 5 to 10% of patients, of which,
very few require eventual spinal stabilization. Sur-
gical treatment of muscle contractures or residual
bony malalignment should be delayed for a year
after SDR.

Intrathecal baclofen pump placement can also
be used in patients with spasticity and may be more
effective in patients who have movement disorders
as a component of their involvement. Use of in-
trathecal baclofen was first described in 1984 and
was shown to reduce spasticity in selected patients
with spinal cord injury and multiple sclerosis.
Long-term ITB was introduced several years later
and is considered safe and effective in reducing
spasticity in patients with CP. The advantages of
ITB pump placement are its relative reversibility



(it can be removed) and the ability to increase or de-
crease the effect of baclofen. The disadvantages in-
clude risks of infection, trunk weakness, spinal
deformity, and the need to refill the pumps with ba-
clofen. Although designed to reduce lower extrem-
ity spasticity, both SDR and ITB pump placement
may concurrently decrease some upper extremity
spasticity.

Orthopaedic treatment is tailored to the indi-
vidual and his or her potential for ambulation, sit-
ting, or other activities of daily living. For instance,
a child who is severely involved usually has dimin-
ished function and the orthopaedist may contribute
care that is designed to balance sitting and to pre-
vent contractures that preclude comfortable sitting.
Conversely, a mild hemiplegic patient may benefit
from sophisticated tendon transfers, which may es-
sentially normalize hand and foot function. In gen-
eral, more severely involved patients will present
with abnormalities of the entire skeletal system
while more minimally involved individuals have
fewer problems with the spine and hips and present
with problems more distal in the extremities.

Spine Deformities

Spinal deformity is usually restricted to the most se-
verely involved patients with cerebral palsy. In a re-
cent survey, we documented an 87% incidence of
scoliosis in 77 severely involved adult patients with
CP. The incidence in hemiplegic patients is much less
and approaches that seen in adolescent idiopathic
scoliosis. Spinal deformity may also develop as a se-
quelae of ITB pump placement or SDR (Figure 8-1).
The most common spinal deformity is thoracolum-
bar scoliosis with attendant pelvic obliquity. In the
sagittal plane, these patients may also have fairly
significant lordosis, which is due to concurrent hip
flexion contractures and spasticity of the paraspinous
muscles. The deformity differs from curves encoun-
tered in patients with idiopathic scoliosis. Cerebral
palsy curves tend to be long C-shaped curves with-
out compensatory curves. As such, patients tend
have unbalanced sitting posture.

Treatment for scoliosis is individualized to the
patient and his or her level of function. In general,
sitting programs, bolsters, and orthoses have a min-
imal to no effect in slowing the evolution or even-
tual progression of scoliosis. They may have a role
in preventing rapid progression and allow one to
delay surgical treatment in immature patients. The
decision to perform surgery is often difficult and
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two important indications: (1) severe curves greater
than 50° and sitting imbalance that may reduce sit-
ting endurance and increase pain, and (2) the pa-
tient should be of sufficient health and function in
order to gain maximal improvement. Surgery is rec-
ommended for those individuals with head control
and some cognitive abilities such as caregiver or en-
vironmental recognition. Surgical treatment may
not be needed in patients who are cognitively dev-
astated and is contraindicated in patients with se-
vere hip extension contractures. Such patients will
not benefit from improved axial alignment as the
hips preclude sitting balance.

The decision to perform such an invasive sur-
gery is complex and involves a great deal of time
discussing the benefits versus the risks of surgery.
Families should be given the opportunity to decide
if the risks outweigh the benefits, and each decision
is individualized. In general, the main benefits are
to prevent curve progression and to improve sitting
balance. It could be argued that the latter doesn’t di-
rectly improve the quality of life of severely in-
volved patients. On the other hand, patients with
severe scoliosis and sitting imbalance are often diffi-
cult to care for. If spine surgery improves the abil-
ity of these patients to sit, it is less likely that they
will be bed bound as they age.

In general, fusion to the pelvis is performed to
reduce pelvic obliquity. Rarely one will encounter
less involved ambulatory patients with curves simi-
lar to those seen in idiopathic scoliosis; in these pa-
tients surgical stabilization that corrects the curve
without necessary stabilization to the pelvis is rec-
ommended. Fixation is performed with rods, sub-
laminar wires, and judicious use of pedicle screws
and hook fixation. Pelvic fixation may be performed
with Galveston fixation or iliac and sacral screws.
Many have found good results with the unit rod
construct. Anterior release and interbody fusion is
indicated in patients with severe curves that do not
reduce on unbending or traction films (> 45°) or if
pelvic obliquity is greater than 15° on preoperative
traction films (Figure 8-2). In younger patients, an-
terior fusion may be indicated to prevent crank-
shaft phenomenon due to anterior growth. Others
have demonstrated that posterior segmental fixa-
tion and fusion may prevent clinically significant
spinal deformity as a result of continued anterior
growth. Anterior release and interbody fusion is
usually performed on the same day that the poste-
rior surgery is performed. Spinal cord monitoring
with somatosensory evoked potentials is utilized in
nonambulatory patients with voluntary bowel and
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FIGURE 8-1. (A) AP radiograph of a 15-year-old male with severe spastic quadriplegia. Prior to
placement of baclofen pump demonstrating a left thoracic curve with a Cobb angle of 10°. (B) AP ra-
diograph 17 months after baclofen pump placement demonstrating a left thoracic curve with a Cobb

angle of 76°.

bladder function. However, it is not used in se-
verely involved nonambulatory individuals with
no motor control, as the signals are often difficult to
evaluate in those severely affected individuals.
Practically speaking, improved spinal alignment is
more beneficial even if the severely affected indi-
vidual without any voluntary muscle control suf-
fers some neural compromise.

The list of potential morbidities and complica-
tions from spinal surgery is long and includes risk
of infection, blood loss and need for transfusion,
and anesthetic complications such as aspiration

pneumonia. The complication rates, and especially
rates of infection, seem to be higher in patients who
are more severely involved and with poor nutri-
tional status. Careful nutritional assessment is
needed to optimize the nutritional status prior to
surgery. Some patients begin central venous nutri-
tion in the immediate postoperative period. Often
these patients are chronically malnourished, and it
is difficult to get adequate caloric and protein intake
following large surgeries. Dying within 1 year of
surgery may result from complications from sur-
gery at a rate of about 1 to 3%; this is certainly more



common in the more involved patients with CP
spinal deformity. Other complications include pres-
sure sores from new pelvic position and superior
mesenteric artery syndrome. The later is a result of
significant surgical correction and poor nutrition.
These patients will present with vomiting, obstruc-
tion, and potentially fatal electrolyte abnormalities
with prolonged vomiting. Treatment of obstruction
is with hyperalimentation via a feeding tube placed
past the obstruction.

Postsurgical pain control in patients with CP is
among the most challenging to control. These pa-
tients will development muscle spasms in the
lengthened tendons that result in increased pain in
cut muscles leading to more spasm and pain. The
use of epidural catheter placement and infusion
with local anesthetics, narcotics or clonidine pro-
duces good results. Supplemental intravenous nar-
cotics and benzodiazapenes are helpful to keep
these patients comfortable in the challenging post-
operative period.
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FIGURE 8-2. AP and lateral radiograph after anterior re-
lease and posterior instrumentation and fusion.

Hip Dysplasia

Patients with CP are born with normally located
hips; yet a broad spectrum of hip abnormalities may
develop as a result of abnormal muscle forces. These
abnormalities may range from hip contractures to
hip dislocation. The development of hip deformity
in spastic patients is thought to be secondary to
asymmetric muscle forces produced across the hip
by the hip adductors, iliopsoas, and hamstrings. Per-
sistent femoral anteversion, coxa valga, acetabular
dysplasia and pelvic obliquity often result from re-
tained neonatal reflexes and abnormal muscle forces
and have also been implicated in the evolution of
hip subluxation. The increased muscle forces lead to
hip migration in a posterior and superior direction.
Hip migration leads to femoral head deformity and
acetabular dysplasia. One percent of patients may
have dislocation in an anterior direction as a result
of overactive hip extensors (gluteus maximus and
hamstring muscles) and hip abductors. It may be
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hard to recognize anterior instability on standard ra-
diographs but is better documented on CT studies
(Figure 8-3).

Hip subluxation and dislocation in individuals
with CP may result in a serious problem for affected
patients. The incidence of hip subluxation or dislo-
cation in these patients varies from 2.6 to 75% seen
in more severely involved patients with spastic
quadriplegic patients. Uncorrected hip subluxation
or dislocation may lead to later problems with pain,
perineal care, and sitting balance. Patients with an-
terior dislocation may be more likely to have pain
than posterior dislocations. Studies estimate the
rates of eventual pain as a result of hip dislocation
to be from 0 to 50%. In a recently completed study
of severely involved adults with CP, 15% of hips

were dislocated and radiographic arthritis was de-
tected in 23% of hips.

Wide ranges of hip abnormalities are seen in
children with CP and include contractures that
hinder activities of daily living, acetabular or
femoral dysplasia, and hip subluxation and hip
dislocation with or without adaptive or degenera-
tive changes in the pelvis and femur. As a result,
surgical procedures are recommended in children
with progressive hip displacement in an attempt to
prevent progression and to treat the present state
of dysplasia and possible hip dislocation. Surgery
can be classified as reconstruction procedures
where the hip is stabilized or reduced with a com-
bination of soft tissue releases, femoral or pelvic
osteotomy. Salvage procedures are used in patients

FIGURE 8-3. (A) AP radiograph of a 9-year-old girl
with cerebral palsy. Radiograph demonstrates capacious
acetabulum with deficient anterior coverage. (B) CT

scan confirms anterior displacement of both femoral
heads.



with long-standing and painful dislocation with or
without arthrosis.

Reconstructive treatment for subluxation or dis-
location in hips of CP patients varies depending on
the degree of subluxation, patient age, range of mo-
tion, and presence of pain or arthrosis. Soft tissue re-
leases such as adductor release or transfer, psoas
release, and abductor advancement have been vari-
ably recommended for hips considered likely to
progress to subluxation or dislocation. Adductor re-
lease is performed through a transverse groin inci-
sion; the adductor longus is sectioned at its origin
once the gracilis has been identified. Lengthening of
the gracilis follows and portions of the brevis may
also be released in order to obtain 45 to 50° of hip ab-
duction. If a hip flexion contracture greater then 20°
exists, the iliopsoas muscle insertion may also be re-
leased off of the lesser trochanter through the inter-
val of the pectineus and the adductor brevis. In
ambulatory patients it’s better to lengthen the psoas
tendon more proximally. “Over the brim” isolated
psoas lengthening provides better hip flexion power
(retained iliacus function) as opposed to direct re-
moval off of the lesser trochanter (loss of both psoas
and iliacus). Finally, it’s important to remember that
the medial hamstrings are often hip adductors and
may need to be concurrently lengthened. Following
soft tissue releases use nighttime bracing for up to a
year. Patients should be followed for several years as
the contractures may recur and progressive hip sub-
luxation may become evident.

Unfortunately, once a hip begins to subluxate,
the success of stabilization with only soft tissue pro-
cedures rapidly decreases. The decision to perform
femoral and acetabular procedures is dependent on
the amount of femoral head coverage and age. Com-
plete hip dislocation at any age will require bony
surgery for stabilization. Stabilization of the hip is
obtained via femoral osteotomy, acetabular osteo-
tomy, or augmentation, or a combination of these
procedures may be recommended. Femoral osteo-
tomy is recommended for older patients (< 6 years of
age) with greater than 50% uncovering of the
femoral head. Concurrent pelvic osteotomy is
recommened in older patients with greater than 50%
uncovering. The goals of femoral osteotomy are to
reduce the neck shaft angle by placing the head in
varus, shortening of the femur and with external ro-
tation of the distal shaft. The neck shaft angle is re-
oriented 95 to 105° in nonambulatory patients and
110 to 115° in ambulatory patients. A great deal of
soft tissue and muscle tension can be obtained by re-
moving a 2-cm wedge of bone. This may obviate
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the need for hamstring release. Derotation of the
femur and reducing the persistent femoral antever-
sion may be of some benefit in patients with signifi-
cant femoral internal torsion. In patients with
asymmetric hip subluxation, one may perform bilat-
eral femoral osteotomy, to reduce the displaced hip
and shorten and equalize the less-dysplastic side. It
may be wise to perform bilateral soft tissue releases
if contractures occur in the contralateral hip. Con-
tralateral hip subluxation can occur if one fails to
recognize abnormal tone in the contralateral hip. A
windswept hip appearance can occur by releasing
muscles only in the more severed hip.

Pelvic osteotomies are performed in order to
improve the coverage of the femoral head by cor-
recting the dysplasia mentioned above. These pa-
tients tend to have capacious acetabuli with focal
areas of deficiency. Pelvic osteotomies such as the
Dega, Pemberton, and the San Diego osteotomy are
effective at reducing the volume of the acetabulum
and improving coverage. The Pemberton works
well to improve anterior coverage occasionally seen
in those patients with anterior dislocations. Triple
innominate osteotomies are effective for extensive
and congruent dysplasia.

The above reconstructive procedures are not rec-
ommended in patients with long-standing disloca-
tions or with painful osteoarthritis. In these patients
salvage procedures are chosen and include proxi-
mal femoral resection and interposition of muscle,
valgus femoral osteotomy with or without
femoral head resection, hip fusion, or hip replace-
ment. Proximal femoral resections with muscle in-
terposition have good reliability in reducing pain
in nonambulatory patients but may not completely
remove all of the discomfort. Resection and inter-
position arthroplasty is performed through an ex-
tended lateral position. Careful extraperiosteal
dissection is performed; the proximal femur is re-
sected at a level that is equal to a line drawn across
the ischial tuberosities. More proximal resection of
only the femoral head and without interposition of
muscle will likely lead to proximal migration and
continued preoperative pain levels. The vastus lat-
eralis and rectus femoris is pulled over the proxi-
mal femoral shaft while the gluteus medius and
psoas are sutured into the hip capsule. The pa-
tients will benefit from indomethacin or other anti-
inflammatory medicines to reduce heterotopic
bone. Alternatively a single treatment of 700 rads of
radiotherapy is used. Patients that undergo proxi-
mal femoral resection may be stabilized in traction,
with external fixation for several weeks in order to
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allow soft tissue healing. A pica cast application
with two external fixation half pins in the distal
femur is recommended.

Valgus osteotomy may also be indicated in non-
ambulatory patients and is most useful in painful
hips with severe adduction contractures. Hip re-
placement is most effective in marginal to better am-
bulatory patients who require the ability to position
the hip in extension for ambulation and flexion for
sitting. Hip fusions have less utility in these patients.

Lower Extremity Contractures

There is a continuum of muscle pathology in pa-
tients with CP. Muscle spasticity due to the abnor-
mal stretch reflex is the primary problem. During
physical examination, patients with only spasticity
will have increased tone; however, the joints can be
positioned adequately at near normal extremes of
flexion and extension by prolonged and slow
stretch. However, with time, muscle contracture re-
sults from the prolonged spasticity. For example,
hamstring muscle contracture is detected when the
knee cannot be fully extended with the hip flexed at
90°. Hamstring contracture without knee contrac-
ture is present if the knee can be fully extended with
the hip extended. Finally prolonged muscle con-
tracture may lead to fixed contracture of the joint. In
our previous example, a knee contracture can de-
velop from long-standing hamstring contracture.
The evidence showed restricted knee motion despite
placing the hip in any position of flexion or exten-
sion. In this instance, isolated hamstring lengthening
would be expected to have minimal effect on intrin-
sic knee stiffness. Other procedures such as arthro-
tomy or extension osteotomy would be needed to
fully extend the knee.

It is important to tailor surgical treatment for
muscle spasticity and contractures according to
each patient’s functional levels. Ambulatory pa-
tients are classified as community ambulators if they
are able to ambulate with minimal assistance in
public. These individuals occasionally require the
use of orthotics. Household ambulatory patients re-
quire wheelchairs for travel outside the home but
can use walkers or crutches to be independent at
home. Functional ambulators may stand to transfer
and take a few short steps with maximal assist for
balance and power. Nonambulatory patients require
full assistance for transfer from the bed to chair
and back. It is intuitive to consider that treatment
is more beneficial in community and household

ambulatory patients. Yet on the other hand, it is im-
portant to maintain as much standing as possible in
functional ambulators. This is of paramount impor-
tance for parents who see that their ability to assist
and care for the children would decrease with aging
and the increase in size of the children. In these chil-
dren it is of benefit for them to have standing abili-
ties maintained by avoiding severe hip and knee
flexion contractures.

The assessment of gait abnormalities in com-
munity or household ambulatory patients with CP
is often challenging and treatment has traditionally
been selected based on physical exam and observa-
tional gait analysis (OGA). In the early 1980s, meth-
ods of three-dimensional gait analysis (GA) became
popular and have evolved into sophisticated meas-
ures of gait. Today, instrumented GA is performed
in motion analysis laboratories and usually consists
of physical exam, videotaping for OGA, and calcu-
lation of time-distance parameters. Kinematic as-
sessment of joint motion and kinetic evaluation for
powers and moments is obtained with the use of re-
flective markers, multiple recording cameras, and
refined computer software and force plate data. Fi-
nally, surface or fine wire electrodes are often ap-
plied for electromyographic measurement of muscle
activity.

Proponents of modern gait analysis cite an in-
creased ability to document and quantify preopera-
tive abnormalities in all planes. Such precise
assessment theoretically enables the surgeon to de-
tect all of the pathologic and compensatory compo-
nents of gait and to plan and perform all of the
procedures required for their correction during the
same anesthetic session. When performed postop-
eratively, gait analysis generates objective data that
allows for assessment of treatment and guides fur-
ther treatment in similar patients. Detractors of
modern gait analysis believe that past methods are
perfectly adequate for assessment of gait abnormal-
ities and possible treatment interventions. These
physicians also cite cost (over $2,000 for each gait
analysis) and the difficulty in reproducing similar
data in the same patient.

It is currently recognized that certain muscles
tend to be more problematic than others. For in-
stance, diarthrodial muscles such as the psoas, ham-
string, rectus femoris, and gastrocnemius muscles
cause greater difficulty with ambulation. These
muscles cross two joints and are more likely to in-
voke abnormal stretch reflexes due to their in-
creased muscle excursion during gait. Common gait
abnormalities as a result of contracture or spasticity



include equinus gait or back-kneeing in stance (gas-
trocsoleus), crouch gait (hamstring and/or psoas),
scissor gait (adductors), and stiff-kneed gait (rectus
and hamstring). Selective lengthening or transfer
(rectus femoris) of the pathologic muscles at one op-
erative setting is reasonable once a child reaches 7 to
8 years of age. Earlier surgery tends to result in re-
currence prior to maturity, and younger children
tend to respond well to nonoperative modalities
such as botulinum A toxin injections and casting or
bracing.

In general it is better to try and correct all signif-
icant deforming muscles at the same time. A good
example of this principle exists in a patient with
tight tendoachilles and hamstrings and hip flexion
contractures. If the tendoachilles was solely length-
ened, the patient would lose knee extension mo-
ment and would tend to crouch more due to the
persistent knee flexion deformity of the hamstrings.
Conversely, release of the hamstrings only would
lead to severe back-kneed gait. Further hamstring
release in the face of severe hip flexion contracture
would lead to increase in pelvic tilt.

It is important to lengthen only those muscles
that are leading to deformity, such as in the patient
with equinus in gait. This deformity may be treated
via lengthening of the Achilles tendon (in effect,
lengthening the soleus and the gastrocnemius) or
just the gastrocnemius fascia. The first surgery is
more appropriate when an equinus contracture ex-
ists whether the knee is in either full extension or in
90° of flexion. Isolated gastrocnemius lengthening
by the Strayer or Vulpius method is better consid-
ered in that patient whose foot can only be dorsi-
flexed past neutral with the knee flexed. (By flexing
the knee the gastrocnemius is relaxed and the test
isolates the soleus muscle.) In general, medial ham-
string contractures are treated in ambulatory pa-
tients by Z-lengthening of the semitendinosis and
gracilis and a fascial lengthening of the semimem-
branosis. Consideration for transfer of the gracilis
and semi tendinosis is reasonable in the face of
weak hip extensors or marginal hip flexion contrac-
ture. Lengthening of the fascia of the biceps tendon
is reasonable in patients with a concurrent knee
flexion contracture or who are nonambulatory. In
these later patients it is perfectly acceptable to
simply cut the semi tendinosis and gracilis with-
out Z-lengthening them.

In ambulatory patients, bony surgery is indicated
in older patients with recurrent flexion deformities of
the hip and knee (extension osteotomy) (Figure 8-4)
or in patients with rotational malalignment (external
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rotational osteotomy of the femur or internal os-
teotomy of the tibia). In these individuals rotational
abnormalities can be a hindrance to gait. For in-
stance, excessive femoral anteversion can lead to
significant knee valgus in stance phase as well as in
toeing with the feet hitting in swing phase. Exter-
nal rotation deformity at the tibia will lead to lever
arm dysfunction. In this scenario, the externally ro-
tated foot presents a shorter moment arm, thus di-
minishing the knee extension moment in stance
phase as the leg proceeds from the second to the
third ankle rocker.

Foot Deformities

Foot deformities in patients with cerebral palsy usu-
ally involve an equinus component and may have a
varus or valgus deformity of the hind foot. Varus or
supination deformity tends to predominate in hemi-
plegic patients and some diplegic patients. This is
due to various combinations of overactivity of the
posterior tibialis or supination of the forefoot as a
result of anterior tibialis spasticity. It can be difficult
to determine which muscle is the deforming force.
If the posterior tibialis is the deforming force, the
foot seems to have more hind foot varus without
foot supination that is seen when the anterior tib-
ialis forces. Spastic posterior tibialis may be appre-
ciated by palpating the taunt tendon behind the
malleolus. Fine wire EMG can help determine
whether the anterior tibialis or the posterior tibialis
is the deforming force. In normal gait, the posterior
tibialis is most active in stance phase and should be
relatively quiescent in swing phase. The tibialis an-
terior dorsiflexes the foot at the start of swing phase
due to concentric contraction. In addition, it also
fires in the early stance phase, allowing eccentric
lengthening and lowering of the foot to the floor.
Deviations from these patterns on EMG will delin-
eate the most likely cause of the foot inversion.
Surgical treatment of these deformities includes
selective lengthening or transfer of all or part of the
offending muscles. The most common treatment of
equinovarus deformity includes lengthening of the
gastrocsoleus (if the foot is in equinus irregardless
of knee position) or the gastrocnemius (if no equi-
nus exists when the knee is flexed). The two most
common methods of correcting the foot inversion is
via a split posterior tibialis transfer to the peroneus
brevis or with a combination of posterior tibialis
lengthening and split anterior tibialis transfer. In
the latter procedure, the lateral half of the anterior
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FIGURE 8-4. AP and lateral radiograph of distal femoral osteotomy for knee flexion contracture in
an older patient with cerebral palsy.

tibialis is placed into the cuboid bone. Each proce-
dure has their proponents but in general each case
must be individualized as other methods including
isolated posterior tibialis lengthening or transposi-
tion may be more appropriate. In general, patients
should be treated with a postoperative ankle-foot
orthosis (AFO) for at least 1 year. Although rare, se-
vere equinovarus deformities may exist in the non-
ambulatory patients. Surgical treatment is indicated
for lateral pressure sores or due to an inability to
provide proper shoe wear. In these cases triple
arthrodesis is a good method to insure a plantar-
grade foot with low recurrence rate.

Flat foot deformities are usually seen in nonam-
bulatory quadriplegic patients; these deformities
usually do not require treatment beyond an ortho-
sis. Surgical treatment may be indicated in cases of

extreme deformity with foot sores and pain. Flat
foot deformities may also be seen in ambulatory pa-
tients with spastic diplegia. In these cases, the equi-
nus contracture will lead to collapse of the midfoot
at Chopart’s joints and an increase in forefoot ab-
duction. The collapse causes a vertical positioning
of the talus with potential for pressure sores; the ab-
ducted foot will contribute to lever arm dysfunction
as the foot is externally rotated on the shank of the
tibia. This inefficiency may hinder knee extension in
the later stages of stance phase. Most patients toler-
ate the planovalgus foot deformities with little prob-
lems, and an accommodative ankle-foot-orthosis
(AFO) is sufficient to prevent problems. Surgical
treatment may be necessary in rare patients with
skin breakdown or pain; treatment options usually
require Achilles contracture release in addition to



subtalar arthrodesis, sliding calcaneal osteotomy, or
lengthening osteotomy of the calcaneus. In the later
operation the calcaneus is cut between the anterior
and medial facets with insertion of a block of bone.
The lengthening of the lateral column of the foot in-
duces reduction of the talonavicular joint. Long-
term results for this operation are pending and
early recurrences may be prevented when the lat-
eral lengthening is combined with medial reefing of
the posterior tibialis and talonavicular joint. The flat
foot deformity is associated with excessive prona-
tion of the first ray with the development of hallux
valgus deformity. This deformity is rarely sympto-
matic; however, in rare cases metatarsal phalangeal
joint arthrodesis may be needed. Standard hallux
valgus operations are usually prone to failure and
recurrence.

Upper Extremity Deformities

Most orthopaedists have concentrated in under-
standing, diagnosing and treating lower extremity
problems in CP patients, yet an increased interest in
hand and upper extremity function has concur-
rently developed. Patients with upper extremity
spasticity yield a variety of deformities that may af-
fect function as well as cosmesis and hygiene. The
latter issues are of relevant importance in the more
severely affected individuals. Severe muscle con-
tractures lead to thumb-in-palm deformities and
finger and wrist flexion deformities that may result
in poor hygiene and skin maceration. Upper ex-
tremity function may be diminished in the more
functional hemiplegic or diplegic patients at differ-
ent levels. At the shoulder, patients can have spon-
taneous abduction when excited or running. At the
elbow, patients usually have a dynamic flexion con-
tracture with activities or when excited; the forearm
can be pronated relative to the upper arm. The wrist
is often flexed and ulnarly deviated due to in-
creased activity in the flexor carpi ulnaris or other
wrist flexors (Figure 8-5). Treatment is needed to
correct functional problems such as elbow flexion
deformity, diminished pronation, wrist flexion and
ulnar deviation, extrinsic finger contractures, and
intrinsic muscle imbalances. The latter may result in
thumb adduction and finger swan necking.
Occupational therapy and splinting can help
prevent fixed deformities. Botulinum A toxin may
also benefit these patients. The latter is usually more
successful in the upper than the lower extremity and
is a result of the ability to place sufficient quantities
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FIGURE 8-5. The flexed, pronated, and ulnarly deviated
hand is commonly seen in patients with hemiplegia.

of toxin in the smaller muscles. Surgical treatment
of contractures with lengthening or transfers of
muscles and tendons improves hand function one
to two levels. Less functional patients with severe or
fixed deformities may be treated to improve hy-
giene and cosmesis with surgical release, transfer,
or arthrodesis. Concurrent flexion deformities of
the elbow, wrist, and fingers may be treated with a
flexor—pronator slide. In this procedure the com-
mon flexor origin may retract a great deal when an
extensive extraperiosteal release is performed with
dissection of the neurovascular structures. The
flexor pollicis longus may require an isolated
lengthening in the face of severe flexion deformity.
Wrist arthrodesis is useful in older patients or in pa-
tients with recurrent or severe flexion deformity.
Through a dorsal approach, a proximal row carpec-
tomy is performed and will functionally lengthen
the wrist and finger flexors. Occasionally, a volar
approach and Z-lengthening or release of the wrist
flexors, profundus tendons, or the superficialis ten-
dons may also be needed. A dorsal plate is placed
across the distal radius, the capitate, and the third
metacarpal and will provide stabilization while the
morselized scaphoid, lunate, and triquitrium pro-
vides bone graft (Figure 8-6). Release of thumb ad-
ductors and intrinsic flexors improves the position
of the thumb out from the palm. Augmentation of
the thumb abductors prevents recurrence of thumb
in palm deformity.

More sophisticated procedures may be per-
formed in hemiplegic patients in order to improve
function. Prior to surgical intervention, careful se-
rial physical examinations with an experienced
hand therapist helps identify the functional prob-
lems. Use of dual videotaping and EMG monitoring
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helps delineate which muscles are firing during
specific activities. Prior to surgery, selective nerve
blockade may simulate potential results of muscle
transfer or release. In general, surgery should be de-
layed until the patient is able to cooperate with post-
operative occupational therapy. In addition, there
may be higher chances of recurrence or overcorrec-
tion in younger patients. Adolescent patients tend to
be excellent candidates as they have the maturity to
decide if treatment is in their best interest and, there-
fore, desire maximum improvement in function
through postoperative occupational therapy.
Patients with dynamic flexion deformities of
the elbow may be treated with fascial lengthening
of the brachialis and Z-lengthening of the biceps
tendon. Concomitant release of the lacertus fibrosis
increases the ability of the biceps to improve supina-
tion. Pronation contracture is treated with isolated
release of the pronator teres or pronator teres trans-
fer. The latter is usually efficacious when the patient

has active pronation without fixed contracture.
Transfer through the interosseous membrane to the
dorsum of the radius converts the pronator into a
supinator. Other tendon transfers, such as dorsal
transfer of the flexor carpi ulnaris may also increase
supination power.

Flexion deformity of the wrist is treated by
weakening of the wrist flexors (simple lengthening
of the flexor carpi radialis and ulnaris) or increasing
the wrist extensor power via augmentation (central
transfer of the extensor carpi ulnaris or brachioradi-
alis). Dorsal transfer of flexor carpi ulnaris is indi-
cated when a patient has weak wrist or finger
extension in addition to overactive wrist flexion.
Transfer to the finger extensors is indicated when
the patient has weak release and to the extensor
carpi radialis brevis when they have weak grasp.
Care is needed to ensure that concurrent finger flex-
ion contractures are not present and, if so, are
treated with fractional lengthening.

FIGURE 8-6. Preoperative and post-
operative radiographs in a skeletally
mature individual with severe cerebral
palsy that underwent proximal row
carpectomy and wrist arthrodesis.



Thumb deformities have been classified as
simple thumb adduction (type 1), thumb adduc-
tion with MP joint contracture (type 2), thumb ad-
duction with MP hyperextension (type 3), and
thumb adduction with flexion deformity of both
the MP and IP joints (type 4). Treatment of thumb
deformity requires release of contracted tissues
and augmentation of the weakened thumb abduc-
tors and extensors. Adduction is released with a
2- or 4-flap Z-plasty of the first web space and
subsequent release of the adductor pollicis mus-
cle and tendon as well as the first dorsal in-
terosseus muscle off of the first metacarpal. If the
IP joint of the thumb is contracted, Z-lengthening
of the flexor pollicis longus is indicated. Hyperex-
tension deformity of the MP is treatable with MP
capsulodesis or MP arthrodesis. Alternatively,
this deformity may stabilize after rebalancing of
the thumb muscles. Tendon transfers to increase
thumb abduction include exterior pollicis longus
EPL re-routing through the first dorsal compart-
ment, transfer of the extensor pollicis brevis to
the abductor pollicis longus (APL) tendon, or
transfer of the brachioradialis to the APL. Finger
deformities such as flexion contracture may be
treated with release of the flexor digitorum super-
ficialis or fascial lengthening. Swan neck deformi-
ties are treated with lateral band transfer or flexor
digitorum superficialis tenodesis.

ORTHOPAEDIC MANIFESTATIONS
OF MYELODYSPLASIA

Several contrasts exist in CP patients in comparison to
MMC patients . In general, deformities in MMC result
from muscle imbalance due to paralysis of muscles.
In CP, joint deformities are usually a result of asym-
metric spasticity in addition to weakness. Further-
more, most patients with MMC have low to normal
intelligence despite severe motor impairment and,
therefore, are able to communicate effectively with
the health care team. On the other hand, MMC pa-
tients tend to have comorbidities such as frequent uri-
nary tract infections and therefore higher rate of
opportunistic infections. These patients may have
unrecognized hormone imbalances and the poten-
tial for obesity and increased energy consumption
during ambulation. Patients usually require self-
catheterization for urinary retention; spine fusions
may make it impossible for female patients to per-
form this task. Fusions may predispose recurrent
skin and joint problems as the inherent flexibility of
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joints is sacrificed. As such, adjacent and insensate
skin and joints must accommodate and are there-
fore predisposed to breakdown (skin sores and
bony Charcot changes). Spine fusions may also pre-
dispose to decubitus ulcers due to stiffening of the
spine and pelvis.

When born, parents of the affected children are
very concerned about the potential for independ-
ent ambulation. A functional level of the third lum-
bar nerve root (medial hamstring function) is
needed to have the possibility of some independent
ambulation. Furthermore, the level of motor func-
tion is predictive for independent ambulation and
for the different orthopaedic manifestations. For in-
stance, patients with a motor level in the thoracic
spine will never walk independently and will have
hip instability with the potential for spinal defor-
mity. Upper lumbar levels (L1 and L2) may have
some ambulation in the early years but as they age
and grow this is usually lost. Spinal deformity is
less common but hip instability is more common
than in thoracic-level deformities. Lower lumbar
levels (L3 and L4) maintain ambulatory potential
for longer periods of time and have a slightly lower
rate of hip instability issues than in the upper lum-
bar level patients. Finally, L5 and sacral level pa-
tients have good ambulatory potential throughout
life but are hampered by inefficient gait from weak
hip extensors and abductors (L5 level) and foot de-
formities (sacral levels).

Ambulatory function in patients with myelo-
meningocele is not static; there is a tendency to un-
dergo progressive degeneration. This is partially
due to society’s acceptance of people with special
needs and the ease at which affected individuals are
able to live. As patients age and their weight in-
creases, it becomes increasingly more difficult to
ambulate with crutches and braces and more ac-
ceptable to use wheelchairs. In addition, degenera-
tion of the central nervous system may be present
due to several possible causes. These causes include
Arnold-Chiari malformations, tethered cord, shunt
malfunctions and hydrocephalus, and syrinx devel-
opment. The neurological deterioration can be sud-
den or very slow and insidious. It is extremely
important that the orthopaedic surgeon carry out a
detailed neurological evaluation at each visit. Any
change in neurological function may be the first
sign that there are problems. Also, any change in
neurological function should generate referral to
the neurosurgeon for appropriate evaluation.

The orthopaedic treatment of the MMC pa-
tient is complicated by multiple medical problems,
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which require treatment by other medical specialists
(neurosurgeons, urologists, developmental pedia-
tricians, and therapists). The mental development of
the child, and the formation of parent—child bonding,
may take precedence over the correction of skeletal
deformity, especially during early infancy. Very few
orthopaedic deformities cannot delay treatment until
the child is one year old. Most of the problems of in-
fancy such as shunt malfunction, feeding difficulties,
respiratory problems, and developmental delay have
been addressed. Orthopaedic treatment should be
coordinated with the overall treatment plan for the
child and also considered in light of orthopaedic de-
formities of the spine, hips, knees, and feet. For in-
stance, severe congenital foot deformity in a patient
with thoracic level paralysis (nonambulatory pa-
tient) takes precedence over the possible presence of
a dislocated hip. On the other hand, severe kyphosis
occasionally seen in thoracic level patients should be
corrected prior to foot deformities. Correction of the
spinal deformity provides more significant overall
patient improvement. The following centers discus-
sion on anatomic area of involvement in patients
with myelodysplasia.

Spinal Deformity in Myelodysplasia

In myelodysplasia, the many unique patient aspects
and anatomic features of the spine make treatment a
challenge. Issues pertinent to the immature spine
with myelomeningocele include failure of the neural
arch to close, resulting in deficiency in the posterior
elements. The lack of posterior elements increases
the difficulty of obtaining surgical fixation and also
decreases the bone available for fusion. As such, indi-
viduals with severe spinal deformity and
myelomeningocele require anterior and posterior
spine fusions to obtain the fusion and improve fixa-
tion. In addition, the open posterior canal increases
the incidence of inadvertent injury to the thecal sac.
Sagittal plane abnormalities tend to be more extreme
in spina bifida than in idiopathic scoliosis with ex-
treme lumbar lordosis and risk for increased kypho-
sis in the thoracic spine. The posterior musculature of
the spinal erector muscles are anterior to the axis of
the spine and may lead to further kyphosis. In addi-
tion, a higher incidence of congenital anomalies of
the spine exists (hemivertebrae, unsegmented bars,
diastematomyelia, lipomas, and dermoid cysts). Pa-
tients with myelomeningocele have high rates of uri-
nary tract infections, which lead to a higher rate of
secondary infection of the spine following surgery.

Scoliosis is prevalent in many patients with
myelomeningocele. Most patients with thoracic
level paraplegia have spinal deformity; the inci-
dence falls to 50 to 60% in patients with low lumbar
level paraplegia. In general, the curves tend to be
greater at an earlier age, therefore, increasing the
potential for significant curves with time. If the
spinal deformity rapidly progresses, MRI scan is
needed to rule out syrinx in the cervical and tho-
racic spine. The lumbar spine is also scanned for
dermoid cysts, lipomas, and tethering of the cord.

Observation is recommended in patients with
curves less than 30°. Bracing may be considered in se-
lected individuals with curves greater than 30° who
are less than 7 years of age. Unfortunately, bracing is
not as efficacious as in idiopathic scoliosis, and pro-
gression of the spinal deformity can be expected. In
addition, problems with skin sores and rib deformities
may result from the use of bracing. Surgical stabiliza-
tion is indicated in patients with progressive curves or
curves greater than 45°. The goals of surgical treat-
ment include obtaining a level pelvis, restoring nor-
mal sagittal and coronal balance, and preventing
further deformity. In general, fusion levels are consid-
ered to extend from the neutral vertebral body proxi-
mally into the distal stable zone. If questions arise, it is
more advisable to fuse longer than shorter. In general,
instrumentation is planned to avoid ending the fusion
in the middle of a sagittal curve.

Fusion to the pelvis is generally indicated in pa-
tients with pelvic obliquity greater than 15° or in
patients with thoracic or upper lumbar level para-
plegia. Unfortunately, fusion to the pelvis may in-
crease secondary problems, such as pressure sore
development. Importantly, female patients should
be informed of the possibility of increased difficulty
of self-catheterization due to stabilization of the
lumbar spine. Anterior interbody fusion is needed to
augment the fusion rates, particularly in the regions
of deficient posterior elements. Fixation of the poste-
rior elements is possible with the use of pedicle
screws; sublaminar wires and cables are placed in
the intact lamina proximally and transverse connec-
tors will prevent collapse of the spine. Contoured
rods may be placed over the ala of the sacrum, or
into the first sacral foramen. Anterior rods and in-
strumentation may be used in patients with extreme
deformity and increased stabilization can be ex-
pected. Anterior only instrumentation for isolated
lumbar curves without posterior surgery may be
considered; however, posterior instrumentation
should be considered in addition to this technique in
patients with larger curves or high level of thoracic



deformity. Instrumentation should be low profile,
due to the poor skin and problems that can result
from deficient soft tissues in myelomeningocele.

As mentioned, congenital scoliosis is occasion-
ally seen in patients with myelomeningocele and
may be treated somewhat differently than in those
patients with scoliosis without congenital anom-
alies. In general, anterior and posterior spine fusion
over the apices of the deformity is needed to prevent
further progression. Earlier surgery is indicated in
those patients who have congenital anomalies that
are prone to rapid progression, such as contralat-
eral bars and hemivertebrae. Anterior fusion is
done through an open anterior approach; however,
transpedicular approaches can be used to obtain
anterior fusion. Rarely, osteotomies are needed to
correct significant deformities.

Young patients with spina bifida may present or
develop severe kyphosis that merits treatment. Chil-
dren with significant kyphosis will have difficulty
with independent sitting without using their upper
extremities for balancing. Cephalad displacement of
the abdominal contents will restrict breathing, pre-
vent normal nutrition, and may lead to failure to
thrive for these individuals. Try to correct the kypho-
sis early in order to improve the ability of the child to
sit independent without the necessary use of the
upper extremities. Bracing is usually ineffectual. In
general, kyphectomy is performed by decancellation
of the vertebrae above and below the apical verte-
brae and is done to avoid violation of the endplates
and, therefore, the growth centers of this deformity.
Instrumentation is placed extraperiosteally to allow
for future growth. Usually a Luque rod is contoured
and placed over the ala of the sacrum or into the first
sacral foramen. Proximal fixation with pairs of sub-
laminar wires placed in an extraperiosteal fashion
will allow for continued growth. At closure, the
paraspinal muscles are closed posteriorly over the in-
strumentation, reducing them to an anatomic posi-
tion and decreasing the propensity for progressive
kyphosis. Rigid S-shaped kyphosis may be treated
with cordectomy and resection of the vertebral bod-
ies and fixation with segmental fixation.

Hip Dysplasia in Myelodysplasia

Individuals with myelomeningocele are more likely
to have hip dislocation and dysplasia. The inci-
dence of dislocation of the hip is 20% compared to
0.1% in the general population. This is presumably
due to altered forces across the hip in utero and in
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the postnatal period. Thoracic level patients may
have contractures of their hips due to positioning.
Upper lumbar level patients will have actively fir-
ing hip adductors and hip flexors, but will be defi-
cient in hip abductors and hip extensors. This
muscle imbalance leads to higher rates of disloca-
tion and dysplasia than in thoracic level patients.
Compared to thoracic level and lower lumbear,
sacral level patients will usually have stronger hip
extensors and abductors, in addition to weight-
bearing activities, which will prevent dislocations.

The goal of treatment in the thoracic level patients
is to avoid hip contractures, which will preclude
comfortable sitting, as well as standing. Thoracic
level patients with dislocated hips or progressively
dislocating hips should not undergo surgery to reduce
the hips. Surgery is only performed in order to pre-
vent significant hip contractures that preclude sitting
or standing. All children who develop independent
sitting by 18 to 24 months of age should be started on
a prone standing program in order to improve their
upper extremity function. Patients with the upper
lumbar level function may be candidates for a recipro-
cating gate orthosis. In these patients, swaying of the
hips in a side-by-side manner will allow for forward
propulsion. Unfortunately, in order to use this ortho-
sis, patients must be fairly contracture free.

The upper lumbar level patients will have
higher rates of hip dislocation and dysplasia than in
the thoracic level paraplegic patients. Historically,
efforts have been made to maintain the hip position
in these patients, including muscle transfers. Today,
treatment in these patients is similar to those in the
thoracic level paraplegic patients and surgery is
only indicated to prevent muscle contractures. In the
past, was recommended reduction of hips in lower
lumbar patients with the addition of different ten-
don transfers designed to augment weak hip exten-
sion and abduction. These reductions include
transfer of the psoas muscle to the greater trochanter;
posterior transfer of the origins of the adductor
longus, brevis and gracilis muscles; external oblique
transfer to the greater trochanter; and posterior ten-
sor fascia lata transfer to the gluteal muscle sling.
Controversy surrounds whether these extensive
muscle transfers prevent later dysplasia and im-
prove the function and gait of these patients. Re-
cently, surgeons have not been reducing dislocated
hips in lumbar level patients, unless patients are ex-
periencing ongoing pain. The function of these pa-
tients whether the hips are dislocated or located
does not seem to vary; and they seem to function
whether the hips are located or not.
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Dislocated hips in patients with sacral level
paralysis should undergo hip reduction and stabiliza-
tion procedures. Standard open reduction through an
anterior approach and femoral shortening in older
patients may be indicated. If weakness of the hip
abductors is noted, the transfer of the external
oblique is probably appropriate.

Knee Problems in Myelodysplasia

The knee in patients with myelomeningocele can
have several problems, including hyperextension de-
formity, flexion contracture, and valgus deformities
of the knee. The important knee functions of motion
and stability are to be reasonably maintained in pa-
tients in order to allow sitting, standing, and gait.

Hyperextension deformities of the knee are
common in patients with L3 level of motor function.
These patients have active quadriceps function with
no hamstring function thus leading to hyperexten-
sion deformities. These deformities are usually
treated well with physical therapy or casting in the
early period. Surgery may be performed in cases
with persistent dislocation of the knee and inability
to obtain flexion. In these patients, the hamstring
muscles can subluxate anteriorly and provide a de-
forming knee extensor moment verses the normal
knee flexion. These patients are treated with an an-
terior VY quadriceps plasty, thus allowing the ham-
string muscles to then drift posteriorly to the axis of
the knee.

Flexion contractures may develop in ambula-
tory patients with myelodysplasia. Patients with de-
formities less than 20° may be treated with an
anterior floor reaction AFO and progressive stretch-
ing. If contractures are greater than 30°, this degree
of flexion will preclude efficient gait and may lead to
anterior knee pain, due to increased stresses of the
patellofemoral joint. Posterior release is indicated in
patients with a significant flexion contracture. In this
technique, the hamstring muscles are transferred
proximally to the insertion of the gastrocnemius
muscle. The gastrocnemius muscle can be released if
it is a deforming force for flexion. Posterior capsulo-
tomy and partial sectioning of the cruciate ligaments
may be needed in order to obtain full extension. In
the author’s experience, posterior capsulotomy is a
procedure that works better in younger patients.
Older patients tend to have higher rates of recur-
rence. Therefore, distal femoral osteotomy with ex-
tension is more reproducible in older patients. It is
important to ensure that the patient has active knee

flexion greater than 100° of flexion, as distal femoral
extension osteotomy will decrease the flexion arc.
Anterior physeal stapling may be indicated in grow-
ing patients with knee flexion contracture, avoiding
the morbidity of distal femoral osteotomy.

Some ambulatory myelomeningocele patients
will develop progressive valgus deformities of the
knee. This may be due to tightness of the iliotibial
band and increased valgus moment of the knee as a
result of the Trendelenburg gait. Patients with a val-
gus deformity of the knee can be treated with a
knee-ankle-foot orthosis. Selective surgical proce-
dures may include iliotibial band release, osteotomy
of the distal femoral joint and medial distal femoral
physeal stapling.

Foot Deformities in Myelodysplasia

In caring for the foot in spina bifida, the correction of
foot pathology requires treatment of structural de-
formity and balance of the extrinsic and intrinsic
foot muscles as well. The preservation, removal, or
transfer of muscle activity must be carefully consid-
ered in relationship to the function of the foot during
walking. For instance, a muscle that functions as a
deforming force may not have the power to fully
correct the structural deformity after transfer. Trans-
fer of a tendon may result in muscle weakness and
production of a secondary problem. In thoracic level
and upper lumbar level patients, the feet should be
kept contracture and deformity free to allow appro-
priate orthosis wear and prevention of foot sores.
This is important for shoeing and to start standing
protocols, which may promote future independence
with activities of daily living. Lower level lumbar
patients have good long-term ambulatory potential
and may require removal of deforming forces in the
foot to maximize ambulatory potential and to pre-
vent areas of high pressure and subsequent pressure
sores. The motion of the joints in the foot should be
preserved as much as possible. This will allow
preservation of the shock absorptive capacity of the
foot, and lessen the possibility of ulceration and joint
degeneration. Sacral level patients have at least
moderate plantar flexion power in the triceps surae,
yet intrinsic paralysis may lead to foot deformities
consisting of hind foot and forefoot malalignment.

Clubfoot

Talipes equinovarus is the most common con-
genital foot abnormality and accounts for over 50%



of foot deformities. The clubfoot deformity is signif-
icantly stiffer and more resistant to manipulate in
comparison to idiopathic clubfeet (Figure 8-7). As
such, correction of the equinovarus deformity in
MMLC patients is rarely accomplished by nonopera-
tive means. An attempt to manipulate and cast the
deformity during the newborn period may be
worthwhile in the extremely rare instance when the
foot is supple and can be manipulated into a satis-
factory position prior to the application of plaster. If
the foot has not achieved satisfactory correction by
the time the infant is 3 months old, make no further
attempts at conservative treatment; surgical correc-
tion is recommended when the child is 1 year old.
Performing the surgery at an age when the child is
able to stand utilizes weight bearing as well as an
orthosis to maintain correction.

Skin coverage of the posteromedial aspect of
the foot presents a major potential problem during
surgical correction of the severe hind foot deformity
common in the MMC clubfoot. Many different inci-
sions have been tried, but no approach is com-
pletely devoid of limitations. After skin incision, all
1 to 2 cm of the paralyzed and spastic tendons
should be resected rather than lengthened. Addi-
tionally, in patients with L5 level paraplegia the
functioning, anterior tibialis and the peroneal ten-
dons will often result in a calcaneal valgus deformity.
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In these cases, consider resection of these tendons,
as it is better for the patient to have a flaccid brace-
able foot than a deformed foot due to muscle ac-
tivity that is inappropriate for standing. Limited
surgery rarely corrects the clubfoot. Complete cir-
cumferential subtalar release is necessary in order
to allow the calcaneus to rotate sufficiently under-
neath the talus to reduce varus and align the axis of
the foot with the axis of the ankle and knee. Postop-
eratively, the patient is placed into a long leg cast
and the pins are removed at 6 weeks. The child is
then fitted for a night splint and AFOs are worn
during the day.

Recurrent clubfoot deformity is seen with a
greater frequency in those patients with an MMC.
The treatment of the recurrent deformity depends
on several factors including the age of the patient,
the functional level of the patient, as well as the pre-
vious treatment of the clubfoot. In toddlers treat re-
current clubfoot with a repeat posteromedial release.
Recurrent clubfoot deformity may require talec-
tomy; however, the resultant correction is rarely
satisfactory due to possible recurrence. Less severe
deformities may be managed with a combination
of osteotomies such as a tarsal or metatarsal os-
teotomy to correct the midfoot deformity and a
calcaneal osteotomy to correct the fixed varus de-
formity of the heel.

FIGURE 8-7. Preoperative and postoperative photographs from a child with severe clubfoot treated
with extensive posterior medial and lateral release.
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Calcaneal Deformity

These foot deformities are primarily due to the
unopposed voluntary or spastic pull of the anterior
tibialis muscle, the toe extensor muscles, or the per-
oneal muscles. With time, the calcaneus eventually
becomes vertical underneath the talus, promoting
excessive pressure under the calcaneus and pre-
venting the forefoot from contacting the floor. Non-
operative treatment of calcaneal deformity is rarely
successful in the long term. Simple resection of the
offending tendons at an early age (in the child
under 5 years of age) allows the foot to be brought
into satisfactory position for bracing. However, in
cases of more severe deformity with vertical align-
ment of the calcaneus, the anterior tibialis tendon is
transferred through the interosseous membrane
and attached to the os calcis. The remaining tight
anterior structures are released so that the foot can
be brought into a satisfactory plantarflexed position
for bracing. The transferred tendon rarely provides
enough power for braceless ambulation and is de-
signed to make the foot braceable and ulcer free, not
to eliminate brace use.

Congenital Vertical Talus

Congenital valgus deformities are usually due
to contraction of the lateral musculature of the foot
with equinus deformity of the calcaneus; severe
cases present with lateral displacement of the calca-
neus from beneath the talus. The deformity may be
flexible or rigid; in the former, a trial of manipula-
tion and cast treatment followed by an orthosis de-
signed to hold the foot in the corrected position may
be successful. In the rigid form of congenital verti-
cal talus, an aggressive surgical approach is needed.
As in 1-year-old patients, surgery consists of an ex-
tensive subtalar release, resection of deforming ten-
dons, and postoperative ankle release. The anterior
tibialis tendon can either be resected or transferred
back to the neck of the talus. After postoperative
cast immobilization, it is important to protect the
foot and ankle with a rigid ankle foot orthosis to
prevent neuropathic degeneration of the ankle joint.

Valgus Deformity

Valgus and external rotation of the foot is a
common deformity seen in older children. The val-
gus deformity may occur in the subtalar joint, in the
ankle, or in both sites. Ankle valgus is noted on ra-
diographs when the fibular physis is above the level
of the plafond, if there is wedging of the distal tibia
epiphysis and if the longitudinal axis of the tibia is

not perpendicular to the dome of the talus. In many
cases, the deformity is mild and requires only cus-
tom inserts such as a UCBL. In rare cases, the ankle
valgus deformity will be excessive and lead to de-
creased knee extension moment in stance phase. In
such instances, correction may be obtained with a
supramalleolar osteotomy that corrects both the
valgus and rotation or, alternatively, a medial tibia
epiphysiodesis may be used in cases of valgus de-
formity without external rotation of the ankle.

Failing to have radiographic evidence of ankle
valgus implies that valgus is present in the subtalar
joint. Several different options exist when the valgus
is due to the subtalar joint. These options include
medial calcaneal osteotomy, calcaneal lengthening
or subtalar arthrodesis. The use of subtalar arthrode-
sis will usually restore normal hind foot alignment
but does remove motion from the subtalar joint. This
increases the risk of sores and Charcot-like changes
in the ankle joint as the child matures.

Cavus

Cavus foot deformity is due to muscle imbal-
ances and is most commonly seen in sacral level
MMC. Muscle weakness leads to dropped first
metatarsal and claw toes. The muscle imbalance
(weak peroneals) and plantar flexed metatarsal
leads the hind foot into varus. Children with a cavus
deformity have sufficient sensation and voluntary
muscle control to walk without an orthosis. Defor-
mity will frequently be progressive, resulting in ul-
cerations on their toes and over their metatarsal
heads. Failure of conservative treatment with severe
calluses or ulcerations and ankle instability due to
hind foot varus is an indication for surgical correc-
tion. Cavus is corrected via plantar fascia release
and osteotomy of the metatarsals or midfoot. Bal-
ancing of muscles may include transfer of the IP
joints, transfer at toe flexors to the extensors, and oc-
casionally extensor hallicus longus recession will be
used to increase foot dorsiflexion power. A calcaneal
osteotomy is necessary when a dorsiflexion attitude
of the calcaneus is present and accentuates the cavus
deformity. Following osteotomy the calcaneus is
moved backward and laterally as needed to correct
cavus or cavovarus deformities.

Charcot Arthropathy

Neuropathic arthropathy is a progressive joint de-
generation due to lack of protective sensation. This
is primarily a problem in the ambulatory young



adult who has decreased sensation of the knee,
ankle, and foot. The L4-L5 patient appears to be the
most vulnerable; however, patients with paralysis at
the S-1 level of paraplegia may also have Charcot
changes. The pathologic process follows a traumatic
episode that may be quite mild. Progressive destruc-
tion results after the patient continues to walk lead-
ing to further microfractures and joint destruction.
Following initial trauma there is usually a consider-
able amount of swelling and redness around the
joint and the appearance of the foot resembles an in-
fection and cellulitis. Because the initial radiographs
are often unremarkable, the patient may be given
antibiotics for the mistaken diagnosis of infection.

Appropriate treatment consists of complete
joint protection following the initial episode and be-
fore additional injury occurs. Immobilization may
be accomplished by splinting or casting and non
weight bearing. Typically, the swelling and ery-
thema will subside after 1 or 2 weeks and complete
healing will take approximately 6 to 8 weeks. If the
early treatment is successful, then radiographic
changes may never be identified. If redness and
swelling recurs after the onset of weight bearing,
then protection must be resumed for a longer pe-
riod of time. In some cases diagnosis and treatment
are delayed and the radiograph becomes positive
for joint deformity or degeneration. Prolonged im-
mobilization and protection must be provided until
the process has run its course. With this plan, joint
instability and the development of bony promi-
nences are hopefully avoided. Such treatment may
take up to 6 to 8 months and joint protection should
be maintained until there is radiographic evidence
of healing of the joint, and all swelling and ery-
thema has disappeared.

Fractures in Myelodysplasia

Myelomeningocele patients who are ambulatory
can occasionally present with fractures of the
lower extremity following minimal trauma. These
fractures occur in patients who are between 3 and
7 years of age and typically occur in the distal
femur and proximal tibia. Fractures occur at the
epiphyseal plate or in the metaphysis. Presenting
signs and symptoms include erythema, swelling,
and fever; moderate elevations in sedimentation
rate may be noted. Differential diagnosis includes
the possibility of cellulitis and osteomyelitis. Frac-
tures should be considered the primary cause, un-
less other signs and symptoms and positive cultures
are consistent with infection. These fractures are
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treated with a bulky soft dressing with splinting
for 3 weeks until callus formation is noted and
then progressive weight bearing is started to pre-
vent further osteopenia.

In summary, patients with myelomeningocele
have multiple problems and issues regarding the
hip, knee, and foot. Treatment is indicated and in-
dividualized to the patient according to the general
medical health of the child, the level of paraplegia
and the functional deficits inherit to each patient.

SPINAL MUSCULAR ATROPHY

Spinal muscular atrophy is due to dysfunction in
the anterior horn cells of the spinal cord, resulting
in distal weakness. The inheritance is autosomal re-
cessive in nature and consists of different clinical
pictures, based on differences in severity. Spinal
muscular atrophy is classified clinically into three
types. Type I is termed Werdnig-Hoffmann disease.
Type Il is a chronic form of Werdnig-Hoffmann dis-
ease and Type III is the milder form of Spinal Mus-
cular Atrophy, termed Kugelberg-Welander disease.
No clear demarcation in the extent of disease, onset
of disease and progression of deformity exists be-
tween the three types. However, patients are often
classified into these three categories, even though
clinical presentation may not distinctly place a child
into each of the different groups. In general, the ear-
lier onset of the disease results in more severe clini-
cal effects and poor outcome.

Type I or acute Werdnig-Hoffmann disease is
diagnosed prior to 6 months of age. These patients
present with severe pulmonary restriction and
complications resulting in early death. As such, or-
thopaedic treatment is rarely needed except occa-
sionally to provide immobilization for pathologic
fractures in the postnatal period. Type II or chronic
Werdnig-Hoffmann disease is diagnosed after 6
months of age. These patients never become ambu-
latory and may live into the middle decades of life.
Type III or Kugelberg-Welander disease is usually
diagnosed after 2 years of age. These patients are
ambulatory, with decreasing ambulation over time,
as weakness increases. These patients have proxi-
mal muscle weakness and may have some similar
physical exam features as those seen in muscular
dystrophy.

Orthopaedic treatment needed in spinal muscu-
lar atrophy is needed for resultant muscle weak-
ness, which leads to contractures of the soft tissues,
hip instability, and progressive spinal deformity.
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Due to the muscle weakness, muscle contractures
become common, and muscle is replaced with fat
and fibrosis. Decreased function and an inability to
ambulate predispose individuals to develop hip
and knee flexion contractures. Physical therapy and
orthoses may be of some benefit in maintaining mo-
tion. As these individuals are usually wheelchair
dependent, muscle contractures are rarely severe
enough to require surgical intervention.

In order to prevent pelvic obliquity, difficult
seating, and pain, it is desirable to maintain reduc-
tion of the hips, even in nonambulatory patients.
Many patients have a life expectancy into the fourth
and fifth decade. Treatment to prevent hip displace-
ment includes surgical release of those muscle con-
tractures that lead toward displacement. These
treatments include surgical releases of the adduc-
tors and hamstrings. In patients with rapid subluxa-
tion, femoral osteotomy may be of benefit. In
patients with dislocated hips, an open reduction,
femoral osteotomy and pelvic acetabuloplasty os-
teotomy may be required. Salvage operations, such
as Chiari and shelf operations will maintain poste-
rior coverage, while increasing lateral coverage.

Spinal deformity is common in patients with
spinal muscular atrophy. All type II patients will de-
velop scoliosis within the first decade of life. Individ-
uals with type III spinal muscular atrophy will have
a more variable incidence of scoliosis. In general, sco-
liosis is characterized as a long, C-shaped scoliosis
involving pelvic obliquity. Occasionally, isolated tho-
racic curves will be noted. It is expected that all type
II patients and most type III patients will have pro-
gression of the deformity and will require surgical in-
tervention. Be that as it may;, it is a benefit to delay
surgery as long as possible. Therefore, bracing with
use of a TLSO, (Thoracic, Lumbar, Sacral, Orthosis)
may be indicated in patients younger than 8 or 9
years with minor curves. Bracing will allow patients
to have improved sitting balance. The main benefit
allows increased spinal growth and obviates the
need to consider anterior and posterior spinal fusion.
Surgery is uniformly indicated in patients with
curves over 40° and who maintain good pulmonary
function. Pulmonary function is affected in response
to weakness of the intercostal muscles. Pulmonary
function may be further affected by cephalad dis-
placement of the abdominal contents from severe
scoliosis. Decreased complications and improved
outcome can be anticipated in patients whose ex-
pected forced vital capacity is greater than 30 to 40%.

The benefits of surgery include an increase in
sitting balance, an improvement in self-image, and

cosmesis. Similar to spine fusion in other neuromus-
cular disorders, posterior spine fusion instrumenta-
tion improves the ability of the caregiver to provide
for the patients. Posterior spine fusion may also de-
crease or remove the aching back pain that may occa-
sionally be seen in individuals with severe deformity.
Scoliosis is corrected with posterior spine fusion and
instrumentation to the pelvis in order to reduce
pelvic obliquity, if present. Pelvic fixation is obtained
with Galveston instrumentation or multiple screw
placements into the lower lumbar vertebra, sacrum,
and the iliac wing. Due to the significant osteoporo-
sis seen in these individuals, sublaminar wires at
every level are preferred to segmental instrumenta-
tion via hooks. Anterior release and instrumentation
is rarely indicated in these patients, due to the poten-
tial for exacerbating poor pulmonary function. In-
creased blood loss and need for transfusion is noted,
as well as increased risk of infection, due to complex-
ity and length of these procedures. Spinal cord moni-
toring is utilized. In general, spinal cord monitoring
benefits patients with muscle disease in order to
maintain any residual bowel and bladder function,
as well as to maintain the protective sensation, thus
preventing decubitus ulcers.

Postoperatively, these patients are managed
with aggressive pulmonary toilet Continuous posi-
tive airway pressure (CPAP) is often beneficial in
maintaining lung ventilation and decreases atelec-
tasis. Epidural pain control is of further benefit in
order to prevent the splinting of respiration as a re-
sult of postoperative pain.

FRIEDREICH’S ATAXIA

Friedreich’s ataxia is considered one of several
spinal cerebellar degenerative disorders and has an
autosomal recessive inheritance. These individuals
present with increased ataxia as the first presenting
symptom. On physical exam, there is a loss of the
knee and ankle reflexes, and a positive Babinski sign.
In addition, there is a loss of proprioceptive and vi-
bratory sense. The average age at clinical onset is
from 7 to 15 years of age, with rare cases of delayed
onset up to 25 years of age. Ataxia and symmetric
weakness leads to progressive decrease in walking
and patients often become wheelchair bound by the
second to third decade. Weakness is usually symmet-
ric, involving the proximal musculature (gluteus
maximus), more than in the distal musculature. Pre-
mature death occurs in the fourth or fifth decade as
a result of complications from cardiomyopathy or
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pulmonary dysfunction following complicating
events, such as aspiration pneumonia. The or-
thopaedic manifestations of Friedreich’s ataxia in-
clude foot disorders and spinal deformity.

Individuals with Friedreich’s ataxia will occa-
sionally have a cavovarus foot deformity as a pre-
senting symptom. Ambulation becomes difficult as a
result of the foot deformity, combined with ataxia. In
order to produce a plantar grade foot, surgical treat-
ment of the cavovarus deformity requires muscle re-
balancing, bony osteotomies, or fusion. Soft tissue
releases include plantar fascia release, tendoachilles
lengthening, transfer of the posterior tibialis tendon,
or lengthening and transfer of the anterior tibialis
tendon. When a transfer of the anterior or posterior
tendon in entertained, it is usually placed into the
dorsum of the third cuneiform in the center of the
foot. Residual skeletal deformity of the foot may be
managed with calcaneal and midfoot osteotomies
versus a triple arthrodesis.

Scoliosis develops in nearly all patients with
Friedreich’s ataxia. Several distinct differences in
spinal deformity exist between patients with Fried-
reich’s ataxia and patients with spinal deformity as
a result of muscle weakness. Patients with Friedre-
ich’s ataxia develop scoliosis not as a function of
muscle weakness, but as a result of abnormalities
in balance. It is theorized that the spinal deformity
in Friedreich’s ataxia is a result of the perturbations
in the proprioceptive and balance systems. This the-
ory is similar to the theories for the cause of curves
in patients with idiopathic scoliosis. Because of the
similarities, the progression, curve pattern, and
treatment are more similar to patients with adoles-
cent idiopathic scoliosis. Curve onset may occur
while individuals are walking, as opposed to those
patients with muscular dystrophy. In the latter case,
curve progression usually develops when patients
become wheelchair dependent. Similar to idio-
pathic scoliosis, progression of scoliosis is age de-
pendent; younger patients will have rapid
progression and larger final magnitudes than pa-
tients with later onset of scoliosis. The curve pattern
in Friedreich’s ataxia is also similar to idiopathic
scoliosis with greater incidences of double major
curve patterns, single thoracic and thoracolumbar
curves. This is in contrast to scoliosis from muscular
dystrophy, which is characterized by long C-shaped
curves and pelvic obliquity.

The treatment for scoliosis in Friedreich’s ataxia
is similar to that in patients with adolescent idio-
pathic scoliosis. Bracing may be utilized in younger,
immature patients with mild to moderate curves.

Bracing may provide some decrease in progression of
the curve; however, the use of the TLSO may limit the
patient’s ability to walk. Surgery is generally indi-
cated in patients who have curves greater than 50°.
Surgical planning and treatment is similar to adoles-
cent idiopathic scoliosis, with the bulk of patients re-
quiring posterior spine fusion with instrumentation.
Because the curves rarely result in pelvic obliquity, fu-
sion to the pelvis is not indicated in most cases. poste-
rior instrumentation with segmental fixation from the
upper thoracic to the low lumbar region, maintaining
curve balance in both the sagittal and coronal planes
is recommended. Unnecessary fusion to the sacrum
with screw fixation or Galveston fixation in an ambu-
latory patient may significantly decrease their ability
to walk. Anterior release is indicated in those curves
with severe rigidity and with poor sitting balance.

ORTHOPAEDIC IMPLICATIONS
OF DUCHENNE MUSCULAR
DYSTROPHY (DMD)

Clinical onset is usually between 3 to 6 years of age
with noted decreases in ambulation, often heralded
with new onset of toe walking. On initial physical
exam, patients have loss in reflexes and pseudohy-
pertrophy of the calves. Delayed onset of toe walking
due to DMD is uniquely different from that seen in
idiopathic toe walking. These individuals walk on
their toes from the very beginning of independent
ambulation. Patients with DMD may also present
with increased tripping, difficulty running, and
climbing stairs. These patients have difficulties as a
result of proximal muscle weakness in the shoulder
and hip musculature. Weakness in the lower extrem-
ity begins in the gluteus maximus, quadriceps, and
anterior tibialis muscle. In the upper extremity,
weakness is noted in the deltoid, pectoralis, and
trapezius muscles. Pelvic weakness results in an ab-
normal gait that is typical for muscular dystrophy.
These individuals have weak hip extensors and,
therefore, develop compensatory flexion of the hips
and increased lordosis of the lumbar spine. Muscle
contractures in the tensor fascia lata promote devel-
opment of a wide-based gait. Static examination will
further reveal contractures of the tensor fascia lata,
with a positive Ober test. In addition, Trendelenburg
lurch results from weak hip abductors. These pa-
tients have further difficulty compensating for the
abnormal gait due to concurrent weakness in the
upper extremity that precludes crutch use. They
will present with a positive Gower’s sign, which is
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decreased ability to rise from a sitting position with-
out use of the upper extremities.

Treatment is based on maintaining ability to am-
bulate, prevention of contractures which preclude
sitting in nonambulatory patients and prevention of
significant spinal deformity. In ambulatory patients,
judicious release of these contractures, in combina-
tion with aggressive physical therapy in the moti-
vated patients can preserve an ambulatory ability
for 2 to 3 more years. Such surgical procedures are
minimally useful in wheelchair-dependent patients.
Other treatment indications include pain from se-
vere muscle contractures.

Limiting foot deformities in DMD include equi-
nus and equinovarus foot deformities. The latter re-
sults from a combination of the hypertrophy of the
gastrocnemius muscle weakness of the anterior tib-
ialis and over-pull of the posterior tibialis muscle.
These patients are treated with percutaneous ten-
doachilles Z-lengthening and posterior tibialis
transfer through the interosseous membrane. Post-
operative use of an AFO will prevent recurrence.
Ambulatory patients with abduction contractures
may benefit from selective release of the iliotibial
band and the fascia lata. Nonambulatory individuals
with DMD may also develop hip flexion contrac-
tures, which result in increased lordosis and occa-
sional back pain. Selective release of the sartorius,
rectus femoris, and tensor fascia lata may improve
the hip flexion contractures in nonambulatory pa-
tients. Knee flexion contractures may occasionally be
painful in nonambulatory patients and hamstring re-
leases can reduce the pain and spasms.

Ninety-five percent of patients with DMD de-
velop scoliosis. The onset of scoliosis is concurrent
with loss of ambulation in most patients. Rapid pro-
gression of the curve can be expected as soon as a
child becomes wheelchair dependent. Most spinal
deformity is a long thoracolumbar curve, with con-
current pelvic obliquity. Nonoperative treatment for
scoliosis may be indicated in selective patients who
have poor sitting balance and who have contraindi-
cations for surgery. Use of an orthosis will not pre-
vent curve progression in affected individuals, but
may help sitting balance in those patients who are
poor candidates for surgical treatment.

Posterior spine fusion with instrumentation is in-
dicated for a child with a 25° curve. There is no benefit
to waiting as relentless progression of scoliosis and
concurrent decrease in lung function may be expected.
Standard surgical technique includes posterior instru-
mentation from T2 to L5 or to the pelvis. Most utilize
instrumentation to the pelvis, especially if the curves

are greater than 40° with attendant pelvic obliquity.
Posterior instrumentation with Luque wiring pro-
vides solid fixation. Fixation to the pelvis can be ac-
complished with pedicle or sacral screws into the
sacrum or the ilium. Alternatively, a unit rod may be
placed into the pelvis via the Galveston method.
Spinal cord monitoring is used throughout surgery to
detect spinal cord injury. Although patients are non-
ambulatory, maintenance of bowel and bladder func-
tion and protective sensation is important.

The risks of surgery are increased in DMD pa-
tients in comparison to those with idiopathic scolio-
sis. Patients with DMD may have cardiomyopathy;
therefore, a preoperative cardiology evaluation is
mandatory. All patients with DMD have a decrease in
pulmonary function. Once the child becomes wheel-
chair dependant, further loss of pulmonary function
is inevitable. Spinal fusion is reasonably safe in pa-
tients who have a forced vital capacity greater than 30
to 40% of the expected values. Increased complica-
tions from surgery may result when the forced vital
capacity is lower than 30% of expected values. With
aggressive postoperative pulmonary toilet, surgical
intervention may still be possible in patients with
forced vital capacity of 20%. However, families of
these patients should be informed of the significant
risk and need for postoperative intubation. Posterior
spine fusion with instrumentation has also been
noted to stabilize the loss of pulmonary function. As
such, increased life expectancy can be expected as a
result of posterior spine fusion in patients who have
an uncomplicated postoperative course.

Other surgical risks include excessive blood
loss and need for transfusion. Higher rates of infec-
tion are also present as a result of the long duration
of surgery and as a result of the significant blood
loss. Surgical complications such as hardware fail-
ure have also been reported. The benefit of surgical
treatment for spinal deformity is a clear improve-
ment in the quality of life for affected individuals by
maintaining an erect sitting position and improving
their self image and cosmesis. On the other hand,
some patients may have increased difficulty in feed-
ing, as it is harder to get food to their mouth with
their posture restored to near normal.

BECKER TYPE MUSCULAR
DYSTROPHY

Becker type muscular dystrophy is best considered
as a mild form of DMD. Although the anatomic
distribution and problems are similar to those seen



in DMD, the onset of symptoms is later, at approx-
imately 7 years of age or older. Fortunately, the
severity of the problems and the extent of disabil-
ity are much less and these patients can expect to
be ambulatory into the teen and young adult
years.

Anatomic deformities include equinus and equi-
novarus deformities, as well as a milder form of scol-
iosis (Figure 8-8). Treatment for these deformities is
individualized, using some of the same surgical and
nonoperative treatment strategies seen in DMD. For
instance, AFO use may prevent contracture and im-
prove ambulatory potential. If this fails, tendoachilles
lengthening, plantar fascia release, and posterior tib-
ialis transfer may be needed. Affected individuals
with scoliosis need their treatment individualized ac-
cording to the location of the curve and extent of the
curve size.

EMERY-DREIFUSS MUSCULAR
DYSTROPHY

Emery-Dreifuss muscular dystrophy is also a sex
linked recessive muscular dystrophy. Clinical onset is
noted by early muscle contractures, such as equinus
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contractures. Paraspinal weakness, spasm, and
tightness of these muscles may lead to cervical
spine contractures. Affected individuals will also
have elbow flexion contractures. These patients can
walk for many decades and treatment is individu-
alized to release any formal contractures of the
foot. In rare cases, patients with this disorder re-
quire stabilization of the spine when curves are
greater than 40°.

FACIOSCAPULOHUMERAL
MUSCULAR DYSTROPHY

The two variations of Facioscapulohumeral muscu-
lar dystrophy are differentiated according to differ-
ences in genetic pattern. Patients with infantile
Facioscapulohumeral muscular dystrophy have an
autosomal recessive inheritance. This is a very se-
vere form of muscular dystrophy, with onset of fa-
cial weakness in the first decade of life. Patients
become wheelchair dependent by the second decade
and will develop pulmonary complications result-
ing in death in the second to third decade. Patients
have very severe weakness of the hip extensors, re-
sulting in extreme lumbar lordosis and hip flexion

FIGURE 8-8. Lateral and AP of a 16-year-
old boy with Becker muscular dystrophy. Ex-
treme lordosis and minimal scoliosis is
present.
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contractures. In these patients, orthopaedic surgery
is rarely helpful in improving function.

Compared to the infantile form, the autosomal
dominant variety of Facioscapulohumeral muscular
dystrophy has a variable expression with a less ma-
lignant course. The onset of clinical symptoms is in
late childhood and early adolescence. Patients pres-
ent with facial weakness and lack of facial mobility;
decreased scapulothoracic motion, and scapular
winging is noted. Following onset of facial abnor-
malities and scapulohumeral changes, weakness of
the pelvic muscles and anterior tibialis is noted
(Figure 8-9). Patients rarely present with scoliosis.
The major orthopaedic problem is winging of the
scapula, resulting in decreased shoulder flexion and

FIGURE 8-9. A 10-year-old female with fascioscapulo-
humeral muscular dystrophy. Note hyperlordosis and knee
flexion secondary to weakness in the hip extensors and tri-
ceps surae.

abduction. In these patients, posterior stabilization
of the scapula to the thorax may benefit by improv-
ing shoulder flexion and abduction. These surgical
results are reliably maintained over time.

LIMB-GIRDLE MUSCULAR
DYSTROPHY

Limb-girdle muscular dystrophy is a form of auto-
somal recessive muscular dystrophy. It is relatively
benign in its clinical course in comparison to pa-
tients with Duchenne muscular dystrophy. The
anatomic distribution is similar to that seen in Fa-
cioscapulohumeral muscular dystrophy, except no
involvement of the face is noted. Clinical symp-
toms start in the second and third decade with
weakness in hip extensors, hip flexors, and quadri-
ceps. The clinical exam is similar to that seen in
Becker and Duchenne muscular dystrophy, except
more accentuated effects may be noted in the
shoulder girdle region. Treatment is initiated in
order to prevent and control muscle contractures,
which are similar to those in Duchenne and Becker
muscular dystrophy.

MYOTONIC DYSTROPHY

Myotonia is defined as an inability of the muscles to
relax after spontaneous or reflexive muscle contrac-
ture; and it is this early feature of myotonic dystro-
phy that is noted on physical exam. Other clinical
signs of myotonic dystrophy such as gradual atro-
phy of the muscle, frontal baldness, and cataracts
may be present in older individuals. Cardiac prob-
lems such as arrhythmias or mitral valve prolapse
may be common in patients with myotonic dystro-
phy. Myotonia tends to decrease with disease pro-
gression as a result of the muscle weakness.
Myotonic dystrophy is inherited as an autosomal
dominant disorder. Succeeding generations may
have increased clinical effects than preceding genera-
tions. Clinical onset of functional muscle abnormali-
ties begins in adolescence to early adulthood. As
opposed to muscular dystrophies, myotonic dystro-
phy results in more marked abnormalities in the dis-
tal musculature. Early decreased function in the
hands and decreased grip strength is followed by
more proximal abnormalities. As the disease pro-
gresses, individuals will have impaired walking, due
to weakness of the quadriceps, hamstring, and hip
extensor muscles. Patients tend to lose their ability to



ambulate within 15 to 20 years of disease onset. Very
few orthopaedic deformities of myotonic dystrophy
merit surgical treatment. Foot deformities, such as
hind foot varus may be amenable to orthotic use.

HEREDITARY MOTOR SENSORY
NEUROPATHIES (HMSN)

Hereditary motor sensory neuropathies (HMSN)
are a diverse group of peripheral neuropathies,
which have variable inheritance patterns. The first
three HMSNs have a predominant onset in child-
hood and adolescence. Hereditary motor sensory
neuropathies IV-VII, typically present in the adult
population. Charcot-Marie-Tooth disease is consid-
ered the prototypical hereditary motor sensory neu-
ropathy. Charcot-Marie-Tooth disease is classified
as HMSN T if it is of the hypertrophic form. The less
affected neuronal form of Charcot-Marie-Tooth dis-
ease is considered HMSN IL

The more severe form of HMSN I presents with
decreased deep tendon reflexes and more weak-
ness in the distal extremities, as opposed to the
proximal muscle weakness. The more severe form of
Charcot-Marie-Tooth disease has marked decreased
nerve conduction velocity studies. The milder form
of Charcot-Marie-Tooth disease (HMSN II) has clin-
ically normal deep tendon reflexes with only mild
aberrations noted in the nerve conduction veloci-
ties. These individuals have less weakness and, there-
fore, lead to later disease onset and less significant
deformity. The diagnosis of HMSN can now be reli-
ably made via genetic testing.

The orthopaedic problems of HMSN I and II re-
sult from muscle imbalances; usually resulting in
cavovarus foot deformities, hip dysplasia, spinal de-
formity, and decreased upper extremity function.
The predominant cavovarus foot deformity results
from weakness of the peroneal muscles and rela-
tively normal power of the posterior tibialis tendon.
This deformity leads to foot inversion, abduction,
and a varus hind foot. Cavus results from contracture
of the plantar fascia and intrinsic muscle weakness.
Preferential loss in strength in the peroneus brevis
versus the peroneus longus will also contribute to a
plantar flexed first ray and the cavus deformity. The
cavus deformity and hind foot muscle imbalance (in-
creased tone in the posterior tibialis tendon, com-
pared to the peroneals) results in a varus hind foot
deformity. This deformity is initially flexible, but may
become fixed with time. Anterior tibialis weakness
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results in over-activity of the extensor tendons to the
toes. This weakness combined with intrinsic contrac-
ture leads to claw toe deformity.

Treatment options for these foot deformities in-
clude observation, orthotic use, and surgical treat-
ment. The nonoperative methods are reasonable in
patients with mild or nonprogressive deformities.
Surgical indications include progressive deformity,
ankle instability, and pain due to lateral column
overload. Surgical treatment involves muscle balanc-
ing by removing or weakening the deforming forces
and augmenting the deficient forces. The need for
bony surgery in the hind foot is based on whether the
hind foot varus is fixed or flexible. The Coleman
Block Test is useful in determining whether the hind
foot varus is fixed or flexible. With this maneuver, a
13—3-inch wooden block is placed under the lateral
aspect of the foot and fifth metatarsal. Soft tissue
only procedures would be appropriate if the hind
foot can correct to a valgus or neutral position with
this maneuver. Failure to correct the varus deformity
implies a fixed skeletal deformity. In these cases,
forefoot balancing procedures are combined with
hind foot osteotomy or fusion.

The cavus deformity is treated with a plantar
fascia release and in fixed deformities will require
plantar based osteotomy, either through the meta-
tarsals or the first cuneiform. The peroneus longus
is usually transferred to the peroneus brevis tendon.
Supination and hind foot varus is treated with ante-
rior tibialis transfer to the third cuneiform if good
power is present in the anterior tibialis tendon. If
the anterior tibialis muscle is weak, posterior tibialis
tendon transfer through the interosseous mem-
brane will assist in balancing the foot. If the individ-
ual has weak dorsiflexion, a transfer of the extensor
hallucis longus to the first metatarsal may increase
dorsiflexion power with the added advantage of di-
minishing the tendency for clawing at the first ray.
Fixed hind foot varus may be treated with calcaneal
sliding osteotomy, closing wedge osteotomy, or
hind foot triple arthrodesis. Tendoachilles release is
rarely indicated as most of the equinus deformity is
due to forefoot plantar flexion. Triple arthrodesis
may be indicated in the severely deformed foot.
However, complications with this operation include
overcorrection, undercorrection, and pseudoarthro-
sis. Adjacent arthrosis in the ankle and midfoot may
occur with longer term follow-up. Toe deformities
in Charcot-Marie-Tooth disease may be treated with
tenotomy of the long toe flexor in flexible deformi-
ties. Dorsal transfer of the long toe flexors may be
indicated in more moderate deformities. The latter
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operation, however, has risks of complications to
the neurovascular structure. Other treatment op-
tions for toe deformities include a resection arthro-
plasty of the Interphalangeal joints.

Hip displacement may be present in less than
10% of patients with hereditary sensory motor neu-
ropathy type I and II; a higher incidence is noted in
patients with more severe HMSN 1. The spectrum of
hip abnormalities may include dislocation at birth,
as well as progressive acetabular dysplasia, coxa
valga, or hip subluxation. In general, radiographic
dysplasia is asymptomatic. On occasion, patients
may present with hip pain and the above anatomic
deformities are subsequently diagnosed. Treatment
for progressive or symptomatic acetabular dyspla-
sia and subluxation involve balancing of deforming
muscle forces across the hip. Femoral and acetabu-
lar osteotomies may be utilized in the rare patients
with progressive hip subluxation or dislocation.

The incidence of spinal deformity is also less
than 10% of those in patients with HMSN I or 1I. Fe-
males seem to have a higher incidence than males,
and the deformity is more likely in those individu-
als with more severe HMSN I. The spinal deformity
is similar to that seen in adolescent idiopathic scol-
iosis with usual age of onset at 10 years of age and
with development of similar curve patterns, to 0. In
the unusual instance of large curves (35 to 40° in
rapidly growing individuals) orthotic treatment
with a brace may be indicated. Posterior spine fu-
sion with segmental instrumentation and fusion is
indicated in those rare patients with progressive
deformities greater than 50 to 60°. Use of spinal
cord monitoring during surgery may be limited
due to the poor nerve conduction inherent to the
demyelinization of the patients with hereditary
sensory motor neuropathies.

Decrease sensory function and upper extremity
deformities may be present in severely involved pa-
tients with HMSN L. These patients have intrinsic
weakness, resulting in claw hands of the second
through fifth digits (Figure 8-10). In addition, de-
crease in the intrinsic muscles will result in decrease
pinch and opponens function of the thumb. Surgical
treatment may be considered in those patients with
severe clawing and would consist of flexor digito-
rum superficialis tenodesis.

ARTHROGRYPOSIS

Arthrogryposis is not a diagnosis per se, but a condi-
tion with joint contractures, atrophy of muscles
noted on physical examination. In general, there are
over 60 identifiable causes for arthrogryposis, and all
patients have joint contractures detected at birth. No
unifying theory as to the origin of these disorders is
currently identified. Some may be due to in utero in-
fection of some variety that affects the anterior horn
cells; some may have a strong genetic component
such as in Larsen’s syndrome. Yet all have the charac-
teristic of limited movement of the limb in utero that
probably leads to the fibrosis and stiffness seen at
birth. A diagnosis of arthrogryposis may be suspected
in a fetus that has limited movement and with charac-
teristic deformities such as clubfeet noted on ultra-
sound. Once delivered, these infants may have their
arthrogryposis grossly classified according to distri-
bution of the deformities. These contracture syn-
dromes may involve all four extremities, as seen in
patients with Larsen’s syndrome or arthrogryposis
multiplex congenita. Contractures may involve just
the hands and feet and be considered distal arthrogry-
posis. Pterygium syndromes include those patients

FIGURE 8-10. Intrinsic minus hand seen in a 20-
year-old with HMSN L



with severe pterygia of their major joints. Initial
work-up involves consultations with a pediatric ge-
neticist and neurologist and may require evaluation
with MRI scans and skin or muscle biopsies.

Patients with arthrogryposis multiplex con-
genita have a characteristic appearance of the limbs.
Limbs appear tubular without normal contours of
the muscles and joints and the overlying skin is
without wrinkles; however, there may be occasional
dimples over joints or muscles. The shoulder is typ-
ically adducted and internally rotated; and the
elbow is usually fixed in extension. At the wrist, the
hand is invariably flexed and ulnarly deviated and
there may be a thumb and palm deformity with se-
vere finger flexion. More severe finger deformity is
noted on the ulnar side of the hand as opposed to
the radial side. Hips are usually flexed, abducted,
and externally rotated; we have occasionally seen
children with hips and knees in frank breech posi-
tion. Knees may be fixed in the extension and the
feet usually have severe, stiff clubfeet. In general,
examination of the joints demonstrates a rigid block
to motion with firm nonelastic endpoints.

Histologically, the muscles are very small and fi-
brotic with large amounts of fibrous and fatty depo-
sition between the muscle fibers. Myopathic and
neuropathic features can be noted in the muscles.
The joints have severe ankylosis with dysplastic and
contracted joint capsules with thickening and fibrosis
of the ligaments and joint capsules. Intra-articular
deposits of fibrocartilagenous material may accom-
pany the contracted joint capsules and be a mechani-
cal block to reduction in the hips (pulvinar) and the
knees. As time progresses, joint motion is not likely
to worsen. Eventually, 25% of patients will fail to de-
velop ambulation due to stiffness of the joints and
with variable weakness in the extremities.

Goals of treatment are identified in order to im-
prove the lower limb alignment and allow ambula-
tion. Upper extremity treatment may be geared with
the goal to improve the ability of the hand to feed
and assist with perineal care and with transfers.
Physical therapy is important for increasing range
of motion, which is started at an earlier age. Or-
thotics can be used to maintain a standing posi-
tion and also to brace the upper and lower
extremity into positions of functions. In general,
surgical release of soft tissues is done at an earlier
age in order to improve joint motion and correct de-
formity. It is not uncommon for initial surgical cor-
rection to be lost and then to require further surgical
treatment to correct residual or recurrent defor-
mity. However, bony operations such as osteotomy
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or fusion are usually done at a later age to correct
residual deformity.

Dislocation of the hip or dysplasia of the acetab-
ulum may be noted in 60% of patients. In general,
the goals of hip treatment are to improve motion
and allow the hips to be in a functional position for
standing and sitting. Maintaining a located hip
based on radiographic presentation is less impor-
tant; it is reasonable to accept bilaterally dislocated
hips that are freely mobile without pain. On the
other hand, patients with unilaterally dislocated
hips generally do not function as well as in patients
with bilaterally dislocated hips. Therefore, early ef-
forts to reduce unilaterally displaced hips may be
indicated by some surgeons. Open reduction via an
anterior approach is used; femoral shortening may
assist in reducing the head and in preventing avas-
cular necrosis from surgery. Postoperative reduc-
tion is maintained with spica casting for a short
period of time and in a position of extension to as-
sist functional standing in the future.

As mentioned above, patients with arthrogry-
posis can have variable deformities of the knee, in-
cluding flexion deformities, hyperextension, and
dislocated knees. In general, patients with extension
deformities of the knees do better than fixed flexion
deformities, as the extended knee allows for reason-
ably good standing. Physical therapy and serial
casting may be of some benefit in obtaining further
knee flexion in the cases of fixed extension or hy-
perextension of the knee. It can be a challenge to
determine the proper plane of knee motion for app-
ropriate therapy and manipulation and casting.
Gentle attempts of physiotherapy and casting are
encouraged to avoid risks of fracture. Once 90° of
knee motion is obtained a Pavlick harness may be
used to maintain reduction. An organized strategy
is needed in those patients with combinations of
dislocated hips and hyperextension deformities of
the knees with and without clubfoot deformities. In
the short term, serial long leg casting may be of
some benefit in reducing the clubfoot deformity
and increasing knee flexion. After patients reach 1
year of age, consider simultaneous clubfoot release
and quadriceps VY plasty to obtain final clubfoot cor-
rection and further knee flexion to 100°. Short-term
immobilization (5 to 6 weeks) in a long leg cast is
utilized and then converted to a short leg cast so
that foot correction can be maintained and knee mo-
tion can be obtained with therapy. Once knee mo-
tion is stabilized, an anterior approach and open
reduction with femoral shortening will be consid-
ered in patients with a unilaterally dislocated hip.



238 CHAPTER 8 * Neuromuscular Diseases

In general, knee flexion deformities greater than
30° tend to limit ambulatory ability. Therefore, soft
tissue releases, including posterior release of the
hamstring muscles and joint capsule are indicated.
Many of these patients will have anterior joint fibro-
sis and, therefore an anterior release and removal of
the pulvinar from the anterior aspect of the knee is
needed to obtain full knee extension. In older pa-
tients with flexion deformities, a distal femoral ex-
tension osteotomy is reasonable. Other surgical
options would include anterior hemiepiphyseal
stapling in actively growing individuals or consid-
eration for external fixation and gradual joint mobi-
lization. Progressive stretching of the knee with
external fixation will improve the extension of the
knee but it must be done in a gradual fashion to
avoid physeal fractures; unfortunately high recur-
rence rates are often noted.

Patients with arthrogryposis multiplex con-
genita usually present with a very severe clubfoot
deformity that is rigid. Treatment goals for foot de-
formity are to have the foot flat to allow for weight
bearing and ambulation. In general, nonoperative
methods for complete treatment of this deformity
are met with very little success. Other foot defor-
mities are more likely seen in patients with distal
arthrogryposis (such as congenital vertical talus).
The standard clubfoot release that is needed differs
from than used for the idiopathic clubfoot. For ex-
ample, extensive capsular releases are always
needed in arthrogryposis, and it is wise to resect
portions of the extrinsic tendons to prevent recur-
rence of deformity. After surgery and 4 months of
casting, patients should be immobilized in AFOs for
several years to prevent recurrence. Patients with
residual deformity may be candidates for a talec-
tomy at a later age. In rare cases, the posterior me-
dial lateral release and second stage talectomy does
not completely correct the deformities. In these
cases, distal tibia extension osteotomy may be use-
ful with residual, stiff equinus deformity.

Upper extremity function in patients with ar-
throgryposis is usually limited due to the shoulder
contracture with internal rotation and adducted; fur-
ther upper extremity limitation is due to extension
contractures of the elbows. In order to improve the
ability to feed oneself, it is beneficial to obtain active
elbow flexion of one elbow. Extensive release of the
triceps contracture and improved elbow flexion is ob-
tainable; however ultimate active elbow flexion may
not be possible due to deficient motor muscle power.
Treatment may be indicated if the patient has bilateral
elbow extension contractures and good triceps or

pectoralis motor function. In these patients, efforts
are made to improve joint range of motion by doing
posterior capsulotomy, followed by muscle transfer
of the triceps or pectoralis. In general, these surger-
ies work better in children who are greater than 4 to
5 years of age with 4+ power and who may be com-
pliant with the occupational therapy. As in the lower
extremity, humeral osteotomies can be used at a
later date in order to improve the positioning of the
arm for activities of daily living.

Approximately 30% of individuals with arthro-
gryposis will have scoliosis. They respond poorly to
brace treatment and, in general, surgery is indicated
for curves that are greater than 50°.

Larsen’s Syndrome

Affected individuals with Larsen’s syndrome have
many of the same physical exam features as pa-
tients with arthrogryposis. Larsen’s syndrome may
be a sporadically occurring disorder or may be au-
tosomal dominant or autosomal recessive in inheri-
tance. The autosomal recessive form seems to be
more severe than that found in the patients with au-
tosomal dominant inheritance. Clinical features of
patients with Larsen’s syndrome include multiple
large joint dislocations, ligamentous laxity, and flat
facies. The joints that tend to be dislocated are the
knees (Figure 8-11), elbows, and hips; in addition,
many patients have clubfoot deformities. Impor-
tantly, patients have very severe cervical spine
kyphosis. All patients with Larsen’s syndrome
should have regularly scheduled cervical spine
screening radiographs. A certain portion of these
patients will also develop scoliosis.

Treatment of these deformities depends on the de-
gree of dislocation of each joint. In general, upper ex-
tremity deformities and dislocation are not treated.
With time and development, affected patients adapt
and learn to function well with the current disability.
In the lower extremity, efforts are made to improve
knee range of motion in order to stand and sit. This
may involve serial casting to obtain knee flexion in
those patients with extension contractures. Some pa-
tients will have normal motion but will have some in-
stability and are best treated with a knee-ankle-foot
orthosis (KAFO). Surgical reconstruction for ligamen-
tous exam may be considered. Patients with Larsen’s
syndrome may also have hips affected with acetabular
dysplasia, subluxation, or dislocation. Efforts to re-
duce hips at an early age through an anterior or ante-
rior medial approach helps patients who are highly



functioning with a normal life span. Consideration for
pelvic and femoral osteotomies may be needed in dis-
located hips with severe acetabular dysplasia.

The clubfoot in Larsen’s syndrome is less stiff
than that in arthrogryposis multiplex congenita and
is more amenable to nonoperative treatment with
the Ponseti approach. Although initial improvement
is probable with casting and manipulation, there
may be some residual deformity, which will require
later foot reconstruction or release. Alternatively, ini-
tial extensive posterior medial lateral release may be
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FIGURE 8-11. A 6-year-old
boy with Larsen’s syndrome
and a dislocated knee.

preferred in these individuals. Try to obtain as much
correction with casting before considering surgical
release. Following surgery, an AFO may be benefi-
cial for prevention of recurrent deformity.

All patients with Larsen’s syndrome should
have screening lateral radiographs to determine
whether there is cervical kyphosis, which is ap-
parent by radiographic midcervical kyphosis and
hypoplasia of the vertebral bodies. This spinal de-
formity may be myelopathic and lead to complica-
tions, such as cord compromise or early death. In
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general, patients should be monitored for myelopa-
thy and curve progression. In these instances, a pos-
terior arthrodesis is indicated. With time, posterior
tethering via a bone fusion will promote the cervical
spine of the patient to grow into a more normal
sagittal alignment.

Distal Arthrogryposis

Individuals with distal arthrogryposis have contrac-
tures of the hand and feet; the large joint dislocations
and contractures seen in arthrogryposis multiplex
congenita are usually not present. Patients may also
have the facial flattening as seen in Larsen’s syn-
drome. In the upper extremity, patients with distal
arthrogryposis will have ulnar deviation of the fin-
gers and flexion deformities of the IP joints. The hand
has been described as a cup-like palm. Individuals
with distal arthrogryposis may have severe foot de-
formities, including metatarsus adductus, congenital
vertical talus, or clubfoot deformities. Surgery in the
upper extremity is useful to improve hand function
by lengthening the flexor tendons and rebalancing
the extensor tendons. In general, patients with distal
arthrogryposis have more severe foot deformities
than hand deformities. Foot deformities in distal
arthrogryposis are slightly more amenable to conser-
vative management then in arthrogryposis multiplex
congenita. Treatment of clubfeet starts with a series
of clubfoot casting to try to obtain as much correction
as possible. Recurrence rates seem to be less in pa-
tients with distal arthrogryposis than those in the
standard arthrogryposis multiplex congenita.
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in orthopaedic surgical treatment of this disorder. A high rate of fail-
ure of soft tissue surgery was found. Bone surgery was recom-
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Feiwell E. Saker D, Blatt T. The effect of hip reduction on function

in patients with myelomeningocele. ] Bone Joint Surg
1978;60A:169.
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Review of the prevalence, type, and magnitude of scoliosis in 163
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Miller F, Moseley CF, Koreska | et al. Pulmonary function and
scoliosis in Duchenne dystrophy. ] Pediatr Orthop 1988;8:133.
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Spinal Muscular Atrophy

Aprin H, Bowen JR, MacEwen GD et al. Spine fusion in patients
with spinal muscular atrophy. ] Bone Joint Surg 1982;64A:1179.
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doubtless refine classification and improve prognostication in the
future.

Labelle H, Tohme S, Duhaime JM et al. Natural history of scolio-
sis in Friedriech’s ataxia. ] Bone Joint Surg 1986,68A:564.
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Idiopathic and Heritable Disorders

THE GENETIC BASES
OF MUSCULOSKELETAL
DISORDERS
Pattern Formation
Cell Differentiation
CLASSIFICATION
OF MUSCULOSKELETAL
DISORDERS
CLINICAL EVALUATION
DEFECTS IN SKELETAL
PATTERNING
Proximal Femoral Focal
Deficiency

Tibial Deficiency DEFECTS IN SIGNAL
Fibular Deficiency TRANSDUCTION

DEFECTS IN NUCLEAR MECHANISMS
PROTEINS AND Achondroplasia Group
TRANSCRIPTION FACTORS Vitamin D-Resistant Rickets
Camptomelic Dysplasia DEFECTS IN METABOLIC
Cleidocranial Dysplasia MACROMOLECULAR

DEFECTS IN EXTRACELLULAR DEGRADATION
STRUCTURAL PROTEINS Mucopolysaccharidoses
Osteogenesis Imperfecta DEFECTS IN TUMOR
Marfan Syndrome SUPPRESSOR GENES
Multiple Epiphyseal Dysplasia Hereditary Multiple Exostoses
Pseudoachondroplasia

genetic and molecular revolution is happening in medicine. Lead by the
Human Genome Project, genetic information and concepts are changing the way
disease is defined, diagnoses are made, and treatment strategies are developed.
The profound implications of actually understanding the molecular abnormali-
ties of many clinical problems are affecting virtually all medical and surgical dis-
ciplines. Importantly, genetic technologies will increasingly drive biomedical
research and the practice of medicine in the near future.

Those interested in the musculoskeletal system must be aware of the genetic
cause of its inherited disorders in order to make appropriate referrals for genetic
counseling and to refine the prognosis and natural history in each individual pa-
tient. Current management revolves around treatment to prevent or minimize
medical complications, psychosocial support of patients and their families, and
modification of the environment where appropriate. Gene discoveries will allow
the development of tests to detect disease or to quantify the risk of disease. Fur-
thermore, applying this knowledge is the best hope for developing strategies to
modify the pathologic effect of the gene (drug therapy), repair the gene (gene
therapy), or for approaches to restore lost or affected tissue (tissue engineering).
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Instead of an empiric trial-and-error approach to
therapy, it may become feasible to tailor treatment
to the specific molecular malfunction.

Given the large number of inherited muscu-
loskeletal abnormalities and the power and speed
of current genetic and developmental biology in-
formation, a few selected disorders will be dis-
cussed in this chapter. The discussion will address
general concepts on the genetic bases of muscu-
loskeletal disorders, current classifications, and it
will focus on the clinical characteristics of some of
the most common disorders, including natural his-
tory and treatment options, and it will reflect the
most recent developments in the understanding of
their pathogenesis.

THE GENETIC BASES
OF MUSCULOSKELETAL DISORDERS

The vertebrate skeleton is a fascinating and com-
plex organ system, composed of 206 bones with
many different shapes and sizes. Like every other
organ system, the skeleton has specific develop-
mental and functional characteristics that define
its identity in biologic and pathologic terms. For
normal skeletogenesis to take place, the coordina-
tion of temporal and spatial gene expression pat-
terns is a crucial prerequisite. Any disturbances in
these processes will lead to abnormalities of the
skeleton.

The development of an adult organism from a
single cell is an unparalleled example of integrated
cell behavior. After fecundation, the single cell di-
vides many times to produce the trillions of cells of
the organism, which form structures as complex
and varied as the eyes, limbs, heart, or the brain.
Development is essentially the emergence of or-
ganized and specialized structures from an ini-
tially very simple group of cells. Therefore, during
development, differences are generated in the em-
bryo that leads to spatial organization, changes in
form, and the generation of different cell types.
Since each cell has the same genetic instructions, it
must interpret this information with regard to time
and space.

The vertebrate skeleton is formed by mesenchy-
mal cells condensing into tissue elements outlining
the pattern of future bones (the patterning phase).
Shortly thereafter, cells within these condensations
differentiate along the chondrocytic pathway. Subse-
quent growth generates cartilage models (anlagen)

o Idiopathic and Heritable Disorders

of the future bones. The cartilage anlagen will be re-
placed by bone and bone marrow in a process called
endochondral ossification. Finally, a process of
growth and remodeling will result in a skeleton that
is well adapted to its function as an organ not only
for movement and internal organ protection, but
also for blood cell production and regulation of cal-
cium homeostasis.

Pattern Formation

Pattern formation is the process by which spatial
and temporal arrangements of cell activities are or-
ganized within the embryo so that a well-defined
structure develops. Pattern formation is critical for
the proper development of every part of the organ-
ism. In the developing limb, for example, pattern
formation enables the cells to know whether to
make the upper arm or the fingers, and where the
muscles should form.

Pattern formation in many animals is based on
a mechanism where the cells first acquire a posi-
tional identity, which determines their future be-
havior. The ability of cells to sense their relative
positions within a limited population of cells and to
differentiate according to this position has been the
subject of intense research. Interestingly, pattern
formation in many systems has similar principles,
and more striking, similar genes. It is essentially
pattern formation—the size, shape, number, and
arrangement of the bones—that makes human be-
ings different from rabbits or chimpanzees.

Cell Differentiation

Cell differentiation is the process by which cells be-
come structurally and functionally different from
each other, ending up as distinct types as osteoblasts,
chondrocytes, or muscle cells. Because each cell of
the organism has the same genetic material, the
achievement and persistence of the differentiation
state depends on a series of signals that ultimately
control the transcription of specific genes. In hu-
mans, the zygote gives rise to about 250 clearly dis-
tinguishable cell types.

In any organism, differentiation leads to the
production of a finite number of discrete kinds of
cells, each with its peculiar repertory of biochemi-
cal activities and possible morphological configu-
rations. When cells achieve a distinctive state of



differentiation, they do not transform into cells of
another type. Differentiation leads to a stable, irre-
versible set of cellular activities.

Mutations in early patterning genes cause dis-
orders called dysostoses: these disorders affect
only specific skeletal elements, leaving the rest of
the skeleton largely unaffected. In contrast, muta-
tions in genes that are involved primarily in cell
differentiation cause disorders called osteochon-
drodysplasias, which affect the development and
growth of most skeletal elements in a generalized
fashion. Many genes have important functions in
both of these processes so that some inherited dis-
orders can display features of both dysostoses and
osteochondrodysplasias. Genes used during skele-
tal development may also be important in other or-
gans so that when mutated, the resulting skeletal
defects are part of a syndrome.

CLASSIFICATION
OF MUSCULOSKELETAL DISORDERS

Broadly defined, birth defects or congenital abnor-
malities occur in 6% of all live births. Twenty percent
of infant deaths are due to congenital anomalies.
About 3% of newborns have significant structural
abnormalities. At present, the cause of approxi-
mately 50 to 60% of birth defects is unknown. Chro-
mosomal abnormalities account for 6 to 7% of the
abnormalities. Specific gene mutations cause 7 to
8%. Environmental teratogens are responsible for 7
to 10% of defects. Combined genetic predisposition
with environmental factors causes the remaining 20
to 25 % of congenital abnormalities.

Genetic disorders of the skeleton comprise a
large group of clinically distinct and genetically
heterogeneous conditions comprising more than
150 forms. Although individually rare, the differ-
ent forms produce a significant number of af-
fected individuals, with significant mortality and
morbidity. Clinical manifestations range from
neonatal lethality to congenital malformations,
spinal and limb deformities to only mild growth
retardation. Importantly, secondary complications
such as early degenerative joint disease and ex-
traskeletal organ involvement add to the burden
of the disease.

Their clinical diversity makes these disorders
often difficult to diagnose, and 