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Preface

The treatment of musculoskeletal infections continues to evolve. We have gleaned
our knowledge from past and current masters and our patients. Our knowledge
will be expanded and passed on to future generations. We are but a bridge
between the past and future.

Jon T. Mader

The United Nations has declared the years 2000–2010 the Bone and Joint

Decade. One of the major components of bone and joint disorders are musculo-

skeletal infections. We have spent the past 20 years treating patients with

musculoskeletal infections and conducting research on these difficult infections.

When we first started this endeavor there was not much that could be done

for such patients, especially those with long bone osteomyelitis and severe

diabetic foot infections. In addition, there was not much interest in musculoske-

letal infections. These infections were considered more of a nuisance than a topic

for serious clinical and basic science research. At that time, the gold standard was

debridement or amputation and six weeks of parenteral antibiotics. Over the past

two decades, treatment of these infections has changed. We now have better

staging systems, surgeries, antibiotics, and adjunctive therapies. The interest in

this topic has also grown. We have a Musculoskeletal Infections Society, and

more clinical and basic research is being done in the field. The purpose of this

book is to outline the current concepts for the treatment of musculoskeletal

infections and to explore emerging techniques for treatment.
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The first chapter, on the basic science of these infections, explores the

statement, ‘‘The environment is everything and the bacteria are nothing.’’

Physicians must understand the location of the infection (environment), the

infecting organism(s), and the defenses of the host in order to treat and eradicate

the infection. The triad of infection is described in detail including the infecting

pathogen, the properties of the host, and the source and location of the infection.

In order to understand and treat musculoskeletal infections we must have

treatment templates. Classification of musculoskeletal infections helps provide

this template. Chapter 2 describes a staging system for osteomyelitis that helps

stratify the infection and guide therapy.

Musculoskeletal infections are more difficult to treat in compromised hosts.

The reasons for the difficulty are carefully explored in the chapter on systemically

and locally immunocompromised hosts. Physicians must develop a systematic

approach for patients with compromised immune systems who present with soft

tissue, joint, and bone infections.

It is better to prevent musculoskeletal infections rather than treat them.

Chapter 4 explores the history and current rationale for the use of prophylactic

antibiotics in musculoskeletal infections. The timing of antibiotic administration,

role of interoperative dosing, duration of use, and choice of antibiotic(s) are also

discussed.

Specific musculoskeletal infections and the state-of-the-art treatment are

described in the chapters on open fractures, long bone osteomyelitis, septic

arthritis, hand infections, total hip infections, total knee infections, diabetic foot

infections, and vertebral osteomyelitis. Vertebral osteomyelitis is further stratified

into hematogenous pyogenic infection of the spine, postoperative infections of the

spine, and granulomatous infections of the spine.

The treatment of osteomyelitis in neonates, infants, and children is different

from that in adults. Neonates and infants are compromised hosts, while children

are superhosts and are easier to treat than adults. Because of these differences, we

have included a chapter on pediatric osteomyelitis.

The mainstays of musculoskeletal infections are surgery and culture-

directed antibiotic therapy. Specific antibiotics that are useful in musculoskeletal

infections and their potential toxicities are described in detail in Chapter 16.

Included in that chapter is a section on resistant organisms and their treatment.

Surgery is usually mandatory for the treatment of musculoskeletal infec-

tions. The standard surgeries have been described in the sections on specific

infections. Muscle flaps are useful in almost all the infections, especially when

there is soft-tissue compromise. While the rationale for the use of muscle flaps is

described in the specific chapters, the technical aspects and details are presented

in Chapter 17.

The management of musculoskeletal infections includes antibiotics,

surgery, and adjunctive therapy. The chapter on adjunctive therapy discusses
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the roles and effectiveness of such therapies in the management of musculoske-

letal infection, including bioimplants, electrical stimulation, and hyperbaric

oxygen therapy. The use of bioimplants includes PMMA, collagen hydroxyapa-

tite, synthetic polymers, and fibrin sealant. Bioimplants are being used for the

delivery of antibiotics and bone morphogenic protein, as scaffolding, and as a

vehicle for osteogenic cell delivery. The use of bioimplants is undergoing an

expansion and has the potential to change how we treat musculoskeletal

infections.

The final chapter discusses the state of the art in gene therapy in

musculoskeletal repair. Management of nonhealing wounds and bone defects

has been aided by the development of new agents, including growth factors,

cytokines, and bone morphogenic proteins. A way to get these agents to the right

location is through gene therapy. The most attractive feature of gene therapy is

that therapeutic proteins can be delivered locally to the appropriate site in

relatively high concentrations and in a sustained fashion. Current goals include

the improvement of transfection efficacy and specificity, optimizing inducible or

cell-type specific promoters, and improving local application techniques. Gene

therapy will change how we treat musculoskeletal infections and their complica-

tions in the future.

Musculoskeletal infections are common problems that involve a variety of

specialties, including orthopaedics, infectious diseases, plastic surgery, vascular

surgery, internal medicine, pediatrics, family medicine, podiatry, and others. We

felt it was important to write a comprehensive book where all of these specialties

could find common ground. There are numerous articles and book chapters

spread across different specialties but it is difficult to find the important and

pertinent information in one place. We hope that this book will fill that void.

We would like to thank our patients who have provided guidance. We are

indebted to Kristi Overgaard, who was the driving force behind this book. Ms.

Overgaard organized, edited, and shepherded our book to the publishers.

Acknowledgment must also be made to others who directly and heavily

contributed to this publication; for this we gratefully thank Drs. Joe Wang,

Luca Lazzarini, Mark Shirtliff, Jack LeFrock, and Shazia Amina. We would also

like to thank the many contributors whose dedication to their patients and to the

treatment of musculoskeletal infections contributed not only to this book, but also

to the entire field of musculoskeletal infections.

Jason H. Calhoun

Jon T. Mader
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1
The Basic Science of
Musculoskeletal Infections

Mark E. Shirtliff, Jeff G. Leid, and J. William Costerton
Montana State University, Bozeman, Montana, U.S.A.

I. INTRODUCTION

The occurrence, type, severity, and clinical prognosis of bone and joint infections

depend upon the interplay within a factor triad that includes the characteristics of

the infecting pathogen, the properties of the host, and the source of infection. In

order to describe accurately why certain types of microbes cause certain types of

musculoskeletal infections (MSIs), the relative contribution of each one of these

factors must be taken into account (Fig. 1). Therefore, we first discuss the various

species of microbes responsible for MSIs. The virulence factors of the pathogens

responsible for the majority of musculoskeletal infection cases are also addressed

within this introductory chapter, with specific emphasis on Staphylococcus

aureus, the most commonly isolated bacterial species in these infections. We

also discuss host factors, including normal properties such as blood supply and its

relation to infection, as well as host defects such as local trauma, age, vascular

insufficiency, immunocompromise, phagocyte defects, and implanted medical

devices. The final part of the infection triad to be discussed is the source of

infection, whether it be via hematogenous introduction, extension of a contiguous

focus of infection, or direct inoculation from penetrating trauma, compound

fracture, bites, or surgical contamination.
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II. MICROBIAL SPECIES RESPONSIBLE FOR
MUSCULOSKELETAL INFECTIONS

Virtually every bacterial species has been reported to cause MSIs. In a 1999

prospective review of patients (N ¼ 164) suffering from long bone osteomyelitis

between 1994 and 1996, Staphylococcus spp. represented 53% of all isolated

bacteria (1). Specifically, S. aureus constituted nearly 80% of all Staphylococcus

spp. isolated from patients with osteomyelitis. Staphylococcus spp. are capable of

causing osteomyelitis in immunocompetent hosts as well as in immature and

immunocompromised individuals. Some other pathogenic microorganisms asso-

Figure 1 The triad of causal factors in musculoskeletal infections in which the relative

contributions of the properties of the host, properties of the microbe, and source of

infection are diagrammatically displayed for three types of musculoskeletal infections: (A)

properties of the infecting microbial species dominate (e.g., S. aureus osteomyelitis), (B)

the source of the infection is the dominating factor in the development of this infection

(e.g., hand osteomyelitis by Pasteurella multocida), or (C) the host defect is the major

determinant in the infectious process (e.g., Bacteroides spp. osteomyelitis of the foot in a

diabetic patient).

2 Shirtliff et al.



ciated with osteomyelitis are Enterococcus spp., Streptococcus spp., Pseudomo-

nas aeruginosa, Enterobacter spp., Mycobacterium spp., as well as anaerobic and

fungal species (specifically Candida spp.). Each of these pathogenic species

individually represents a very small minority of infections. The immature or

compromised immune status of the host is the primary cause of initial infection

and development into a persistent and chronic osteomyelitis infection by these

other species.

Vertebral osteomyelitis is usually hematogenous in origin but may also be

secondary to trauma. Most hematogenous infections are monomicrobic. In the

normal host, S. aureus remains the most commonly isolated organism. However,

aerobic gram-negative rods are found in 30% of cases. Usual sources of infection

include the genitourinary tract, skin and soft tissue, respiratory tract, infected

intravenous catheter sites, postoperative wound infections, endocarditis, dental

infection, and unknown sources. However, the primary infection focus is usually

unknown. Intravenous drug abuse causes a high incidence of infection by P.

aeruginosa and Serratia marcescens (2).

Most instances of long bone hematogenous osteomyelitis occur in children

after a bacteremic event. A single pathogenic organism is almost always

recovered from the bone (3–5). The most common bone isolates are Staphylo-

coccus spp., the most common gram-negative organism is P. aeruginosa, and the

most common anaerobes are Peptostreptococcus spp. (Table 1). However, in the

immunocompromised patient, other organisms must also be considered including

fungi and mycobacteria. In contrast to hematogenous osteomyelitis, in contiguous

focus osteomyelitis multiple organisms are usually isolated from the bone. S.

aureus and coagulase-negative Staphylococcus spp. account for 75% of the

bacterial isolates (3–5). However, gram-negative bacilli and anaerobic organisms

are frequently isolated. A higher rate of nasal and skin colonization with S.

aureus, defects in host immunity, and impaired wound healing all play roles in

foot infection, especially in an inmmunocompromised host such as a diabetic

patient. Superficial fungal skin infections, which are common in diabetic patients,

may also allow bacterial entry through macerated or broken skin.

Multiple organisms are found in patients with osteomyelitis involving the

small bones of the feet, including S. aureus, coagulase-negative Staphylococcus

spp., Streptococcus spp., Enterococcus spp., gram-negative bacilli, and anae-

robes. Aerobic gram-negative bacilli are usually a part of mixed infection (6).

The virulence and tropism of the microorganisms combined with the

resistance or susceptibility of the synovia to microbial invasion are major

determinants of joint infection. S. aureus, Streptococcus spp., and Neisseria

gonorrhoeae are examples of bacteria that have a tropism for the synovia,

probably related to adherence characteristics and toxin production. Aerobic

gram-negative bacilli such as Escherichia coli rarely infect the synovia except

in the presence of an underlying and compromising condition. Once the organism
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is inside the joint, the virulence of the organism varies. In rabbits, intra-articular

injection of 105 S. aureus into the knee joint resulted in major joint destruction,

but identical injections of N. gonorrhoeae or S. epidermidis caused no joint

inflammation (7).

Table 1 Osteomyelitis: Commonly Isolated Organisms

Long bone hematogenous osteomyelitis (monomicrobic infection)

Infant Childhood Adults

<1 Year 1–16 Years >16 Years

Group B Streptococcus Staphylococcus aureus Staphylococcus aureus

Staphylococcus aureus Streptococcus pyogenes Staphylococcus epidermidis

Escherichia coli Haemophilus influenzae Gram-negative bacilli

Pseudomonas aeruginosa

Serratia marcescens

Escherichia coli

Contiguous focus osteomyelitis without vascular disease (polymicrobic infection)

Staphylococcus aureus

Staphylococcus epidermidis

Streptococcus pyogenes

Enterococcus species

Gram-negative bacilli

Anaerobes

Diabetic foot osteomyelitis (polymicrobic infection)

Staphylococcus aureus

Streptococcus species

Enterococcus species

Proteus mirabilis

Staphylococcus epidermidis

Peptostreptococcus species

Diphtheroids

Pseudomonas aeruginosa

Anaerobes

(e.g., Bacteroides spp.)

Vertebral osteomyelitis (monomicrobic infection)

Staphylococcus aureus

Staphylococcus epidermidis

Pseudomonas aeruginosa
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The most common etiological agent of all septic arthritis cases in Europe

and all nongonococcal cases in the United States is S. aureus (8–12). The

representation of S. aureus is more pronounced in patients with either rheumatoid

arthritis or diabetes. After S. aureus, Streptococcus spp. are the next most

commonly isolated bacteria from adult patients suffering from septic arthritis

(11–16). Whereas one study showed a high representation of Streptococcus

pneumoniae (13), Streptococcus pyogenes is usually the most common strepto-

coccal isolate, often associated with autoimmune diseases, chronic skin infec-

tions, and trauma (11–14). Groups B, G, C, and F, in order of decreasing

preponderance, are also isolated, especially in patients suffering from immuno-

deficiency, diabetes mellitus, malignancy, and severe genitourinary or gastro-

intestinal infections (11–14). Gram-negative bacilli account for approximately

10%–20% of cases (10–14,16). Patients with a history of intravenous drug abuse,

extremes of age, or immunocompromise display a higher prevalence of gram-

negative infection. The most common gram-negative organisms are Pseudomo-

nas aeruginosa and E. coli. Anaerobes are also isolated in a small percentage of

cases, usually those of diabetic patients and patients with prosthetic joints.

Approximately 10% of patients with nongonococcal septic arthritis have poly-

microbic infections.

Historically, Haemophilus influenzae, S. aureus, and group A streptococci

were the most common causes of infectious arthritis in children below 2

years of age. However, the overall incidence of H. influenzae as a cause of

septic arthritis is decreasing because of the H. influenzae type b (Hib) vaccine

now given to children (17). A 1999 study of 165 cases of acute hematogenous

osteomyelitis or septic arthritis treated in the years before and after the

advent of the Hib vaccine demonstrated that musculoskeletal infection due to

this bacterial species was reduced to nearly nonexistent levels (18). Therefore, the

coverage of H. influenzae as part of the empirical antibiotic coverage may no

longer be needed in the management of acute septic arthritis in Hib vaccinated

children. While H. influenzae has lost its predominance as the most com-

monly identified gram-negative pathogen in pediatric populations, the normal

oropharyngeal resident of young children, Kingella kingae, may have taken its

place, specifically in patients less than 24 months of age (19–22). In fact, a 1995

study found that the nearly half of the clinical isolates from acute septic

arthritis patients less than 2 years old were K. kingae (21). However, these

results have yet to be repeated in other centers. Clinical data suggest that the

organism may gain access to the bloodstream in the course of an upper

respiratory infection or stomatitis (23). In children above the age of 2, S.

aureus, streptococci, H. influenzae, and N. gonorrhoeae have usually been

isolated (24–26), although H. influenzae may have also lost its predominance

in this patient age group (19).
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Microbiological associations exist with concomitant disease states. Septic

arthritis that follows cases of infectious diarrhea may be caused by Shigella spp.,

Salmonella spp., Campylobacter spp., or Yersinia spp. (27,28). However, these

cases may reflect a form of reactive arthritis. A rare form of migrating

polyarthritis may be caused by Streptobacillus moniliformis. In human immuno-

deficiency virus–(HIV)-infected patients, S. aureus continues to be the most

common isolate (approximately 30%) (29). However, there is an increased

number of opportunistic pathogens isolated from this patient subset, including

S. pneumoniae, mycobacterial species, and fungal species (29,30).

Relatively rare in Western Europe, the diplococcus gram-negative bacterial

species N. gonorrhoeae is the most common cause of septic arthritis in the United

States (11,12,31). The number of cases of gonorrhea decreased by 72% between

1975 and 1997 and this decrease was correlated with a reduction in disseminated

gonococcal infection and arthritis (32). However, the reported rate increased by

9.2% between 1997 and 1999 and in 2000 stood at 133.2 cases per 100,000 per

year (32). Specifically, the rate of gonococcal infection among homosexual men

has demonstrated an alarming increase. These increased incidence rates may also

cause higher numbers of observed gonococcal arthritis cases.

A. Properties of the Microbes in the Development of
Musculoskeletal Infections

Since S. aureus has been extensively studied with regard to its role in MSIs and

causes the majority of the infectious cases, we use this bacterial species as the

‘‘typical’’ pathogen in our discussion of bone and joint infections. Other

representative species, including N. gonorrhoeae and P. aeruginosa, are also

described in their relation to MSIs.

1. Staphylococcus aureus

Since Staphylococcus aureus spp. demonstrate a wide diversity of infections

(tropical pyomyositis, lower respiratory tract infections [pneumonia], superficial

skin infections [boils, sties, carbuncles], localized abscesses, endocarditis, osteo-

myelitis, toxic shock syndrome, serious skin infections [pyodermatitis], food

poisoning, bacteremia, empyema, pyopneumothorax, and exfoliative diseases), it

is not surprising that S. aureus has evolved a wide variety of virulence products to

cause disease. The pathogenesis of staphylococcal infections is multifactorial, and

it is difficult to determine the precise role of any given factor in infection. Most of

the virulence factors seem to be specifically adapted to survival and infection

within the host. Staphylococcal products that have a role in infection may be

classified as virulence factors responsible for adherence, direct host damage, or

immunoavoidance. There are also a number of enzymes and extracellular proteins

6 Shirtliff et al.



that may have a role in virulence. These factors have a specific role in the

colonization and infection process in bone and joint infections, and their

expression is coordinated throughout the various stages of infection (Figs. 2

and 3). Therefore, the differential regulation of these virulence factors due to

staphylococci population levels and environmental factors is extremely important

in the development of infection.

a.) Regulation. Staphylococcus aureus produces a large number of

extracellular and cell-associated products that may contribute to virulence and

development of persistent infections. Most of these virulence factors seem to be

specifically adapted to survival and infection within the host.

During early exponential growth when cell density is low, proteins that

promote adherence and colonization (such as fibronectin binding protein, protein

A, staphylokinase, and coagulase) are expressed. When cell growth reaches high

densities, the production of the adherence and colonization factors is suppressed,

while secreted toxins and enzymes are expressed (such as enterotoxins B, C and

D, epidermolytic [exfoliative] toxin A, a-, b-, and d-hemolysin, serine protease,

nuclease, type 5 capsular polysaccharide, clumping factor, leukocidin, phospha-

tidyl-specific phospholipase C, fatty acid modifying enzyme, lipase, hyaluronate

lyase [hyaluronidase], and toxic shock syndrome toxin 1). Many of these post-

exponential phase proteins are involved in damaging the host, obtaining nutrients

from the host for pathogen growth, and disseminating after the organism has

adequately colonized and increased in number to promote an active infection.

The expression of most of these staphylococcal products is under partial or

complete control of the staphylococcal accessory regulator (sar) and the acces-

sory gene regulator (agr) system. During early logarithmic growth, a protein

encoded by repressor of toxins (rot) inhibits the expression of agr-activated

virulence factors (33). Once activation of the agr and sar regulatory loci occurs

during the late exponential phase, there is an increased transcription of an agr

regulatory RNA molecule known as RNAIII (34). RNAIII immediately blocks

transcription of surface protein genes and, with a hypothesized timing signal,

upregulates transcription of extracellular pathogenicity factors (such as exo-

toxins). The primary regulatory function of RNAIII is at the level of transcription

by an undetermined mechanism that may involve one or more regulatory proteins

(35). This regulatory RNA molecule is also capable of controlling production of

at least two virulence factors, a-hemolysin (hla) and protein A (spa), at the level

of translation. At the beginning of exponential phase growth, the expression of a-
hemolysin is normally inhibited through intramolecular base pairing that blocks

the ribosomal binding site (35,36). Later in exponential phase growth, RNAIII is

expressed and folds into a stable but inactive regulatory molecule. After a

significant lag, the secondary structure of RNAIII changes through an unknown

agent, and the 50 region of RNAIII is then able to hybridize with a complementary
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50 untranslated region of a-hemolysin mesenger RNA (mRNA), thereby making

the transcripts accessible for translation initiation (36). Conversely, the 30 region
of RNAIII contains sequences complementary to the leader sequence of spa and

hybridization is believed to inhibit translation of protein A. In addition, SarA (the

primary product of sar) has been shown to have an inhibitory effect on the

expression of a number of genes, including cna, sea, sar, and the agr operon (37).

Therefore, sarA expression may be autoregulated, but the interactions with this

complex system are still being elucidated.

It has been hypothesized that the activity of RNAIII is regulated through a

population-sensing autocrine system (quorum sensing) that involves the products

of the agr locus (38–41). This locus consists of two divergent transcription units,

driven by promoters P2 and P3. The P2 operon contains four genes, agrB, agrD,

agrC, and agrA, and the P3 operon codes for RNAIII (see previous discussion)

(42). An octapeptide with a unique thioester ring structure (referred to as the agr

autoinducing peptide [AIP]) is generated from its precursor, AgrD, and secreted

out of the cell through the action of the AgrB membrane protein (Fig. 4) (43). As

the concentration of AIP increases in the extracellular microenvironment, the

interaction between AIP and the histidine kinase receptor protein, AgrC, also

increases. This interaction possibly acylates AgrC and enables it to phosphorylate

and thereby activate an intracellular agr-encoded protein (AgrA) (35,44).

AgrA� P then increases transcription at the P2 promoter. With SarA (the

major transcript of the sar operon), AgrA� P also increases the transcription

at the P3 promoter, resulting in elevated intracellular levels of RNAIII (45).

Therefore, as AIP concentrates in the extracellular environment, the level of

RNAIII increases, allowing the growth phase–dependent reduction in adherence

factor production and increase in extracellular pathogenicity factor production.

AIP not only is capable of activating the agr regulon in self strains, but can also

inhibit the agr activation of other S. aureus strains. SarA (the primary product of

sar) has been found to be autoregulatory, and it mediates virulence factor

expression through agr transcription by binding to the promoter region as a

Figure 2 Diagrammatic representation of S. aureus attachment to tissues due to high-

level expression of adherence factors to host extracellular matrix proteins. After attachment

and localized multiplication, the constitutive secretion of the quorum sensing autoinducing

peptide (AIP) allows the concentration of this quorum sensing signal. As the microbial

population increases, individual cells within the population begin to compete with one

another for nutrients. At this time the AIP is at high enough levels to activate the

production of a wide variety of staphylococcal virulence factors that enable the microbe to

damage the host and obtain more nutrients or explore new niches. At the same time,

capsule production increases while adherence factor production is reduced, thereby

enabling the S. aureus to become able to resist phagocytosis.

Basic Science of Musculoskeletal Infections 9



10 Shirtliff et al.



dimer (46). SarA has also been shown to interact directly with the promoter

regions of a number of genes, including the coding regions for the P2 and P3

promoter of agr, protein A, fibronectin binding protein, and a-hemolysin (37,47).

However, the interactions with this complex system are still being elucidated.

Since sar and RNAIII homologs have been identified in a number of coagulase-

negative Staphylococcus spp., including S. lugdunensis (48), S. epidermidis

(49,50), S. simulans, and S. warneri (50), this regulation system is also used

by the other members of the staphylococcal genus.

Another regulatory locus, termed S. aureus exoprotein expression (sae),

was discovered in 1997 (51). This system is composed of two genes, saeR and

saeS, encoding a response regulator and a histidine protein kinase, respectively,

Figure 4 Structures of some common microbial signaling molecules.

Figure 3 Scanning electron microscope (SEM) and transmission electron microscope

(TEM) images of the progression of S. aureus osteomyelitis from colonization, to localized

multiplication, to embedding within a dense glycocalyx to form a biofilm that is resistant to

removal by the host immune system and antimicrobial therapy. (Photographs courtesy of

Mary Elizabeth Powers, Dissertation, 1990. University of Calgary.)

Basic Science of Musculoskeletal Infections 11



with significant homology to other bacterial two-component regulatory systems

(52). Its control is mediated at the transcription level, and mutation of the sae

locus lowered in vivo virulence by drastically diminishing levels of a- and b-
hemolysins and coagulase and slightly reducing levels of protein A (53,54).

Several environmental signals have also been implicated in the sar=agr-depen-
dent or -independent regulation of virulence factors. These signals include

nonmaintained pH (55), osmolarity (56,57), glucose (58), deoxyribonucleic

acid (DNA) topology (56), NaCl, sucrose (59), temperature (60), amino acid

availability (61), and presence of O2 and CO2. Also, a homolog to the ferric

uptake regulator (Fur) of gram negatives was isolated in 2000 and found to

regulate the staphylococcal iron regulated (sir) operon, which has been proposed

to constitute a siderophore-transport system in S. aureus (62). Many of the

reactions of S. aureus to these environmental cues are classified as stress

responses, and they are believed to be regulated by sigma factors that control

gene expression. In this species, there are two varieties of sigma factors, the

housekeeping sigma factor (sA) and the alternative sigma factor (sB), that are

expressed and activate response genes upon entry into stationary phase and in

response to environmental stress. sB Is believed to be regulated by the product of

the gene directly upstream of sB coding region, rsbW (63). This protein is able to

bind to the alternative sigma factor, thereby posttranslationally inhibiting its

activity until a stress response is needed.

b.) Adherence Factors. As stated earlier, the pathogen must colonize the

target tissue through adherence in order to initiate infection. Staphylococcus spp.

have a variety of receptors for host proteins, termed microbial surface compo-

nents, that mediate adherence to the extracellular matrix in bones and joints or

implanted medical devices by recognizing adhesive matrix molecules (64–66).

Some of the host matrix proteins are fibronectin and laminin (adherence proteins),

elastin (which imparts elastic properties), collagen (which provides structural

support), and hyaluronic acid (a glycosaminoglycan that is abundant in the joints

and the matrix and provides cushioning through hydration of its polysaccharides).

There are also a number of bone- or joint-specific matrix proteins. These include

osteopontin (a soluble phosphoprotein that acts as a cytokine and osteoclast

attachment protein and is needed for bone injury repair and remodeling), bone

sialoprotein (which interacts with osteoblasts and acts as a nucleator for calcium

hydroxyapatite formation), and vitronectin (an adhesive glycoprotein that regu-

lates adhesion and the coagulation, fibrinolytic, and complement cascades and

also allows bone resorption when bound to osteoclasts). Eight adhesin genes have

been determined: genes encoding fibrinogen binding proteins ( fib, cflA, and fbpA)

(67–69), fibronectin binding protein ( fnbA and fnbB) (70), a collagen receptor

(cna) (71), an elastin binding protein (ebpS) (72), and a broad specificity adhesin

(map) that mediates low-level binding of several proteins including osteopontin,
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collagen, bone sialoprotein, vitronectin, fibronectin, and fibrinogen (73). Also,

this microorganism has been shown to possess a number of other host protein–

binding receptors in which the genes have not yet been determined. These include

a laminin- (52 kd) (74), a lactoferrin- (450 kd) (75), and a transferrin- (42 kd) (76)

binding protein. The staphylococcal receptor that binds laminin may be used in

extravasation (77). These receptors were found in S. aureus but were absent from

the noninvasive pathogen S. epidermidis (77). The lactoferrin and transferrin

receptors bind to these host iron binding proteins and may be used as adhesins

and=or as iron acquisition mechanisms. In addition, S. aureus expresses a 42-kd

protein, protein A, which is bound covalently to the outer peptidoglycan layer of

their cell walls. This adherence protein is able to bind to the host platelet gC1qR

(a multifunctional, ubiquitously distributed cellular protein, initially described as

a binding site for the globular heads of the complement complex C1q) (78).

Therefore, protein A may be able to promote adhesion to sites of vascular injury

and thrombosis and has been implicated as an important colonization factor.

Protein A production is repressed by the sar locus via both RNAIII-dependent

and -independent mechanisms during post–exponential phase growth (45). This

protein is also associated with S. aureus immunoavoidance (discussed later).

Many of these and other staphylococcal cell wall proteins must be exported out of

the bacterial cell in order to interact with the extracellular environment. This

export can be either a targeting process (the protein is exported and has binding

domains for cell wall secondary polymers such as teichoic acids) or a sorting

process (a C-terminal conserved amino acid sequence, LPXTG, that directs the

export and covalent attachment to the peptidoglycan) (79).

Increasing evidence supports the importance of staphylococcal surface

components as virulence determinants by allowing initial colonization. In a

number of studies, mutants in these receptors strongly reduced the ability of

staphylococci to produce infection. In addition, there was significant binding of S.

aureus to bone sialoprotein, fibronectin, and collagen type 1 in a mouse model,

indicating that adherence remains a key phase in the early stages of infection

(80). Expression of adhesins permits the attachment of the pathogen to cartilage.

In a murine septic arthritis model, inoculation of mice with mutants of the

collagen adhesin gene showed that septic arthritis occurred 43% less often than in

the corresponding wild type (81). Collagen adhesin positive strains were also

associated with the production of high levels of immunoglobulin G (IgG) and

interleukin-6 (IL-6) (81). Also, vaccination with a recombinant fragment of the S.

aureus collagen adhesin was able to reduce the sepsis-induced mortality rate to

13%, compared with 87% in the control group (82). However, the role of collagen

adhesion of S. aureus as a major virulence factor was questioned in 1999 since

approximately 30%–60% of clinical isolates do not display collagen binding in

vitro or the cna-encoded collagen adhesin (83). Staphylococcal fibronectin-

binding proteins (FbpA and FbpB) may have a major role in the colonization
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and virulence of MSIs. In a 2000 study, all of the tested clinical isolates

(N ¼ 163) contained one or both of the coding regions for these binding proteins

and 95% of these strains had a comparable fibronectin binding capacity to that

seen in a staphylococcal reference strain known to bind fibronectin efficiently

(84). In addition, an in vivo study of endocarditis in a rat model showed that

mutants deficient for fibronectin-binding protein were 250-fold less adherent to

traumatized heart valves (85). Also, S. aureus adherence to miniplates from iliac

bones of guinea pigs was three times higher than that of the fibronectin-binding

protein–defective mutant strain (86). It is likely fibronectin-binding proteins play

an important role in bone and joint infections, especially those associated with

initial trauma or implanted medical devices (87). These receptors play an

additional role in an intracellular immunoavoidance strategy (discussed later).

c.) Factors Causing Damage to the Host. During acute infection, the

innate immune system responds to the peptidoglycan wall (via N -formyl

methionine proteins and teichoic acids) of S. aureus to produce proinflammatory

cytokines (such as interleukin-1b [IL-1b], IL-6, and tumor necrosis factor-a
[TNF-a]) and C-reactive protein. Bacterial DNA (specifically unmethylated CpG

motifs) has also been shown to elicit an intense inflammatory response (88,89).

When bacterial DNA from S. aureus, E. coli, or synthetic, unmethylated

oligonucleotides containing CpG motifs was injected into the knee joint of

mice, the development of arthritis occurred quickly and lasted up to 14 days,

whereas methylated DNA had no significant effect. Also, the affected tissue was

characterized by monocyte and macrophage influx with the release of their

associated cytokines and chemokines and the absence of T cells.

S. aureus also secretes a number of enterotoxins (A, B, C1–3, D, E, G, H, I,

and J) and toxic shock syndrome toxin (TSST-1). The enterotoxins and TSST-1

have been shown to activate the immune system profoundly when evaluated in

animal models, increasing mortality rates and exacerbating host inflammatory cell

invasion, cytokine release, and tissue degradation in the acute phase of the

infection (80,90). They act as superantigens by binding to the conserved lateral

regions of the host major histocompatibility complex class II molecule and T cell

receptor. Although only approximately 1 in 10,000 T cells is activated during

normal presentation of a nonself antigen, 2%–20% of all T cells may be activated

by a superantigen (90). These activated T cells are then able to increase the

release of a number of cytokines, such as the interleukins (90), interferon-g (IFN-

g), and TNF-a (91). This upregulated production of cytokines causes a significant

systemic toxicity, suppresses the adaptive immune responses, and inhibits plasma

cell differentiation. Also, the stimulated T cells proliferate and then rapidly

disappear, apparently because of apoptosis (92). Therefore, immune suppression

may be due to generalized immunosuppression and T cell deletion. Since
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superantigen toxins are usually produced during the postexponential phase of an

established infection, they may also aid in local immune deficiency and host

damage seen in bone and joint infections.

The importance of these superantigen toxins in septic arthritis has been

demonstrated in animal models of septic arthritis. Most animals infected with

strains of S. aureus isogenic for TSST-1 or entertoxins (A–D) had frequent and

severe joint infection (80). However, 80% of animals infected with strains devoid

of these toxins had no symptoms, and those remaining animals demonstrating

symptoms had only mild or transient arthritis infections (80). Vaccination with a

recombinant form of staphylococcal enterotoxin A devoid of superantigenicity

was able to demonstrate significant protection from S. aureus sepsis in mice (93).

These enterotoxins and TSST-1 also subvert the cellular and humoral immune

system and may thereby promote a sustained and more fulminant acute infection

or enable a localized osteomyelitis to develop into a chronic infection. However,

since a study in 2000 demonstrated that expression of TSST is negligible at low

oxygen partial pressures (94), the importance of this toxin in the relatively O2-

deprived environment of an infected bone, when compared to that in superficial

abscesses or cases of septic arthritis, is still a source of debate.

Staphylococcal hemolysin expression is increased during post–exponential

phase growth. Among other stimulatory signals, the sar=agr regulon plays a role

in this postexponential expression. a-Hemolysin is secreted as a monomer that

attaches to host membranes and polymerizes into a hexameric ring channel (95)

and has been found to be a significant mediator of virulence (96). Although this

hemolysin only binds to human erythrocytes in a nonspecific manner, it can still

mediate significant host cell lysis when produced in high concentrations in the

infection environment (97). Also, a-hemolysin promotes significant blood

coagulation by mediating neutrophil adhesion (98), platelet aggregation (via a

fibrinogen-dependent mechanism) (99), and its nonlytic attack on human platelets

(100). In addition, this hemolysin can form channels in nucleated cells (e.g.,

endothelial cells) through which calcium ions freely pass (101,102). The calcium

influx is responsible for the vasoregulatory process and inflammatory response

disturbances seen in severe infection (103). Finally, a-hemolysin has been shown

to interfere with lymphocyte DNA replication (98). These multiple effects of a-
hemolysin on the host contribute to the vascular disturbances and immunodefi-

ciency seen in staphylococcal infections, thereby contributing to acute infections

and the development of chronic MSIs. The pathogenic properties of a-hemolysin

were found in 1999 to occur only when another staphylococcal toxin, the

leukocyte-specific g-toxin (discussed later), was also present in the infecting

strain (104).

Another type of hemolysin, sphingomyelinase (b-hemolysin), has only

weak cytocidal effects on human granulocytes, fibroblasts, lymphocytes, and

erythrocytes (105). Instead, this hemolysin specifically attacks and kills those
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cells with membranes rich in sphingomyelin, such as monocytes. The death of

monocytes reduces the effectiveness of the immune response and sponsors the

release of cytokines (IL-1b, IL-6, and soluble CD14). These cytokine-related

events may be important in the infectious process.

d-Hemolysin, the translation product of RNAIII of the agr regulon,

specifically binds to monocytes and neutrophils (106). d-Hemolysin promotes

the production and release of tumor necrosis factor-a in monocytes (106). Also,

this toxin upregulates the expression of neutrophil complement receptor 3.

Although this toxin was unable to prime neutrophils directly for an enhanced

response, it enhanced neutrophil priming by lipopolysaccharide or tumor necrosis

factor. Therefore, the simultaneous presence of monocytes, neutrophils, and d-
hemolysin-producing staphylococci may overactivate host inflammatory

response, resulting in host tissue damage in the microenvironment of bone

infection. However, the exact role of this toxin in infection remains to be

elucidated adequately.

Leukocidin (LukSF-PV) and g-hemolysin (HlgAB and HlgCB) specifically

lyse leukocytes. Each of these toxins is composed of an interchangeable two-

component system. The active toxin is formed by taking one protein from the S

component family (LukS-PV, HlgA, and HlgC) and one from the F component

family (LukF-PV and HlgB) (107,108). The S component is most likely

responsible for the specific cytopathic effect of each of the toxins; the F

component is responsible for the common leukocyte binding activity. Although

LukF and HlgA proteins show very strong similarity, they are encoded on

different gene loci (109). Since these cytotoxins specifically interact and lyse

leukocytes, they contribute to the inhibition of infection clearance by the host

immune system, thereby enabling staphylococcal species to persist.

The role of exfoliative (epidermolytic) toxins A and B is well demonstrated

in cases of exfoliative dermatitis (i.e., staphylococcal scalded skin syndrome) in

which the epidermis separates from the stratum granulosum. However, these

toxins have not been studied in relation to their effect on S. aureus virulence in

MSIs. Also, they have been shown not to be bacterial superantigens (110). They

may still contribute to virulence since they were classified in 2000 as possible

serine proteases (110). In addition to this large array of toxins, a 2000 study has

identified a novel gene locus that encodes five exotoxin-like proteins. The in vivo

relevance of these proposed toxins must still be demonstrated (111).

d.) Immunoavoidance Factors. The ability of the bacteria to evade

clearance by the host immune response and to promote a sustained acute infection

(e.g., septic arthritis) or a persistent, chronic infection (e.g., osteomyelitis) resides

in a number of staphylococcal defense mechanisms, including, but not limited to,

IgG inactivation (via protein A attachment), antiphagocytic capsule production,

biofilm formation, and invasion and survival in mammalian cells.
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Protein A is bound covalently to the outer peptidoglycan layer of their cell

walls. This receptor binds to the Fc portion of IgG and presents the Fab fragment

of the antibody to the external environment. Therefore, the Fc portion is unable

either to bind complement or to signal polymorphonuclear leukocytes, thereby

interfering with staphylococcal opsonization and phagocytosis. This interference

has been demonstrated in vitro and in animal models with subcutaneous

abscesses and peritonitis. Protein A also coats the staphylococcal cell wall with

host Fab fragments, and the ability of the immune system to recognize the

pathogen as nonself is hindered. The importance of protein A in S. aureus septic

arthritis was demonstrated in a 1997 study in which strains that obtained this

virulence factor caused greater inflammation and cartilage destruction (96).

Capsular polysaccharide may interfere with opsonization and phagocytosis.

Among the 11 reported serotypes, capsule types 5 and 8 (microcapsule produ-

cers) constitute the vast majority (75%–94%) of clinical isolates (112–114). The

capsule of these two serotypes was found to be much smaller than the capsule of

other serotypes of S. aureus (such as capsule type 1) or pathogenic species such

as Streptococcus pneumoniae. Unencapsulated and microencapsulated strains

demonstrated a high rate of serum clearance when compared to fully encapsulated

strains. Therefore, the role of capsular polysaccharide in opsonization and

phagocytosis was questioned (112). However, the thin capsule may be necessary

in early infection stages in order to allow the interaction of staphylococcal

adhesion factors with host proteins (such as fibrin and fibronectin). In one study,

it was shown that a small capsule was necessary for fibroblast attachment by

protein A of S. aureus, and a fully encapsulated strain reduced binding efficiency

(115). In another study, the thin capsule was shown to be necessary for binding to

bone collagen type 1, since high capsular expression actually inhibited binding

(116). Once these microorganisms adhere to solid surfaces (such as bone,

implants, or joint tissue), both in vitro and in vivo, staphylococci produce

larger quantities of cell-associated capsule than those grown in liquid cultures

(117). Specifically, type 5 and type 8 capsule production was shown to be

strongly upregulated during postexponential growth (i.e., after adhesion and

colonization) by agr regulation and perhaps other regulatory systems (118). This

upregulated capsule production makes them more resistant to antimicrobial

treatment and host immune clearance. Therefore, once staphylococcal adherence

proteins establish the infection, the pathogen enters postexponential growth phase

and begins producing a thicker capsule that covers and hides the highly

immunogenic adherence proteins. This thicker type 5 and type 8 capsule has

been found to be serum resistant through inhibition of phagocytosis and

opsonization (112,119). The effect of this staphylococcal polysaccharide micro-

capsule in murine arthritis was explored in a 1997 study in which strains

expressing type 5 capsule were shown to produce a higher rate of mortality,

higher frequency of arthritis, and more severe form of the disease when compared
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to capsule mutants (119). In a clinical trial, a vaccine (StaphVax) that consists of

isolated type 5 and type 8 capsular polysaccharides was able to reduce infection

rates significantly, by 57% in a high-risk population for as long as 10 months

(120).

Staphylococcus spp. can also produce a multilayered biofilm. A biofilm is a

modular community of microbes embedded within a host- and=or microbe-

derived hydrated matrix (usually exopolysaccharide) that exists at a phase or

density interface. This interface may be between a solid support (e.g., soft tissue

or bone) and a liquid medium (e.g., extracellular fluid, blood, mucin) (121).

Biofilm thickness can vary from a single layer to a thick community of cells

embedded within a thick polymeric matrix. Structural analyses in 1995 demon-

strated that biofilms possess a sophisticated architecture in which microcolonies

exist in discrete pillar or mushroom-shaped structures (122). Between these

structures, an intricate channel network provides access to environmental nutri-

ents. It has been hypothesized that the development and maintenance of this

phenotype may be mediated through the action of quorum sensing systems in

biofilm-producing microbes (123–126).

The multilayered S. aureus biofilm is embedded into a glycocalyx (127).

The glycocalyx develops on devitalized bone (such as the involucrum) or

medically implanted devices (128). The presence of implants is a predisposing

factor in the development of infection since they are coated with host proteins

soon after implantation, and this provides an excellent source of attachment for

any bacteria remaining after débridement surgery (64,69,129,130). Once

attached, the bacteria can form the glycocalyx, or slime layer, which protects

the bacteria from normal host defenses and systemic antibiotics (131–134). This

pathogen usually grows in coherent microcolonies in the adherent biofilm, which

is often so extensive that the underlying infected bone or implant surface is

obscured. This layer prevents the inward diffusion of a number of antimicrobials,

allowing bacterial escape from the bactericidal and bacteriostatic effects of

antimicrobial therapy (131–134). Furthermore, those bacteria that survive anti-

biotic clearance often develop resistance to the impregnated antibiotic and

regrow. This resistance has been clinically demonstrated by the isolation of

small colony variants of S. aureus resistant to gentamicin from the wounds of

patients treated with gentamicin-impregnated polymethylmethacrylate (PMMA)

beads (135). Also, the glycocalyx displays antiphagocytic properties, thereby

allowing the bacteria to evade clearance by the host’s immune system (136–138).

The glycocalyx is mainly composed of teichoic acids (80%) and staphylococcal

and host proteins (139). Host proteins such as fibrin are derived from the

conversion of fibrinogen by the staphylococcal coagulase–prothrombin complex

(discussed later) (140). It was found that the biofilm produced by S. epidermidis

also contains the capsular polysaccharide=adhesin (PS=A) that mediates cell

adherence to biomaterials and a polysaccharide intercellular adhesin (PIA) that
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may mediate bacterial accumulation into cellular aggregates (141,142). PS=A is a

high-molecular-mass (>250-kd) molecule that is composed of acid-stable poly-

mers of b1,6-linked glucosamine. PIA is a polymer of b1,6-linked N -acetyl

glucosamine residues with a molecular mass of less than 30 kd that is synthesized

through genes present on the intercellular adhesion locus (ica) (63,141). S. aureus

and other Staphylococcus spp. also contain an ica locus, and its deletion results in

the loss of biofilm-forming ability (63). The presence of glycocalyx was noted in

76% of S. aureus, 57% of Staphylococcus epidermidis, 75% of Escherichia coli,

and 50% of Pseudomonas aeruginosa clinical osteomyelitis isolates (143).

Clinical strains of Staphylococcus spp. are able to persist by a number of

glycocalyx properties. First, this layer has been shown to protect the embedded

pathogens from the action of antimicrobial agents and the host immune system by

forming a mechanical barrier (144). Second, local immune deficiency often

occurs through frustrated phagocytosis since the normal phagocytic processes

are devoted to the removal of the glycocalyx and the implant, if present.

Therefore, the energy and resources of the immune system that would normally

be used to fight infection are subverted. Third, the glycocalyx may activate

monocyte production of prostaglandin E2 to inhibit T cell proliferation indirectly

(145). Finally, this glycocalyx has been shown to inhibit polymorphonuclear

leukocytes directly (136).

S. aureus has also been shown to survive intracellularly after internalization

by cultured osteoblasts (146). Type 5 capsule production of in vivo–grown S.

aureus (i.e. internalized in cultured osteoblasts) was shown in 1998 to be

upregulated when compared to S. aureus grown in vitro (147). Therefore, the

capsule not only may resist phagocytosis and opsonization, but may also

contribute to intracellular survival. In addition to osteoblasts, staphylococci

have demonstrated internalization into other cultured mammalian cells, such as

bovine mammary gland epithelial cells, human umbilical vein endothelial cells,

and pulmonary epithelial cells isolated from a cystic fibrosis patient (148–150).

Specifically, initial adherence to glandular epithelial cells has been shown to be

mediated by fibronectin receptors on this pathogen (148), possibly using

fibronectin as a bridge between the host cell and bacterial receptors for this

host factor. After adherence, bacteria may be internalized by host mechanisms

involving membrane pseudopod formation (seen in established bovine mammary

epithelial cell lines) or through receptor-mediated endocytosis via clathrin-coated

pits (seen in mouse osteoblasts and epithelial cells) (148,151). In either case, the

dependence upon the action of host cytoskeletal rearrangements through micro-

filaments is evident.

After internalization, staphylococci may induce apoptosis (via a host

caspase–dependent mechanism) or survive intracellularly (148,149,152,153).

Induced apoptosis may further the host cell damage seen in MSIs without

causing futher inflammation. Also, staphylococci may escape clearance by the
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immune system and antimicrobial therapy by persisting within these host cells.

This survival was demonstrated in vivo in 2000 when S. aureus cells were found

in the cytoplasm of embryonic chick osteoblasts and osteocytes in mineralized

bone matrix (154). In another study, S. aureus was found within polymorpho-

nuclear neutrophils in an in vivo infection model (155). These infected host cells

were able to establish infection in naı̈ve animals. Therefore, this pathogen may

utilize invasion as an immunoavoidance technique during the host inflammatory

response. After the downregulation of the adaptive immune response through T

cell apoptosis (mediated by superantigens, other toxins, and invasion), fulminant

and=or persistent infection may result.

e.) Other Staphylococcal Enzymes. Staphylokinase binds to plasminogen,

and this complex activates plasminlike proteolytic activity that causes dissolution

of fibrin clots. Although the activity of this enzyme has not been directly related

to virulence, the importance of escaping fibrin clots to invade surrounding tissue

is apparent. Another enzyme, fatty acid modifying enzyme (FAME), allows the

modification of host derived antibacterial lipids in abscesses (156). Therefore, in

the intramedullary abscesses associated with osteomyelitis (Brodie’s abscess), this

enzyme may be responsible for prolonged bacterial survival and the development

of osteomyelitis. Coagulase (cna), although not an enzyme, is an extracellular

protein that forms a complex called staphylothrombin by binding host prothrom-

bin (157). This complex is able to convert host fibrinogen to fibrin in order to

promote localized clotting. This protein is mainly expressed during the expo-

nential growth phase but is thought to be downregulated during late exponential

phase by direct binding and inhibition by SarA (158). Coagulase also has

fibrinogen-binding capacity in the absence of thrombin (159). Although no

differences in virulence were observed between wild-type strains and coagulase

mutants in several infection models, the collagen binding adhesin was found to be

important in the pathogenesis of corneal infection in the rabbit (160–162). Also,

one can speculate as to the benefits derived from locally impeding blood flow and

promoting a fibrin-rich area for augmented colonization by Staphylococcus spp.

This genus also possesses a number of other enzymes (lipase, nucleases, serine

protease, and metalloprotease) that are used to acquire host nutrients such as

lipids, nucleotides, and amino acids, respectively. Staphylococcal iron acquisition

is mediated through siderophores, such as the 42-kd transferrin binding protein

and the 450-kd lactoferrin binding protein (composed of multimers of 62- and 67-

kd subunits). Although the pathogenic effects of urease have not been evaluated

in MSIs, it is a critical virulence determinant for colonization, urolithiasis, and

severe acute pyelonephritis. It is an enzyme that converts urea to ammonia and

carbon dioxide, thereby surrounding the bacterium in a protective layer of

ammonia. The ammonia is also toxic to host cells, and urease has a direct

inflammatory activity on epithelial tissue. Therefore, urease aids in penetration of
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the bacterium into tissues and blood. The regulation mechanism is still being

determined.

In summary, S. aureus infects and elicits a strong native immune response,

cytokine release, and high T cell activation. This pathogen is able to use a number

of immunoavoidance strategies while the host immune system causes damage to

‘‘self’’ tissues and blood vessels in the area of infection. Damage may cause local

circulatory and immune compromise. The high T cell activation eventually results

in apoptosis and a weakened immune system, enabling this pathogen to produce a

sustained and destructive infection effectively. Although the bacterial products

discussed have been shown to increase bone and joint damage in acute septic

arthritis, many more S. aureus virulence factors have not yet been tested.

Therefore, future studies will undoubtedly identify other factors that play a role

in MSIs.

2. Niesseria gonorrhoeae

As mentioned previously, N. gonorrhoeae is the most common cause of septic

arthritis in the United States (11,12,31). This diplococcus possesses a number of

cell surface structures that have been implicated in virulence. Initial attachment to

host epithelium is mediated by long, hairlike protein projections called pili.

Whether this membrane structure is assembled (Pilþ) or not (Pil�), also known

as phase variation, is determined by posttranslational proteolytic cleavage,

variations in homologous recombination, and slipped strand DNA replication

resulting in frameshift mutations (163). In addition, the antigenic character of the

pili is altered by homologous recombination between coding regions for the

various pilin subunits.

Protein I is the main protein on the outer membrane. It is a porin that is

expressed in two different forms, a protein IA variant that is almost always

associated with disseminated infection and protein IB that is associated with

strain causing localized infections. Those strains that are able to cause a

disseminated infection in hosts with a normal immune system display serum

resistance (164). Protein IA allows stable serum resistance by binding to host

factor H. This bacterially bound host factor efficiently inactivates C3b (a central

factor in both the classical and alternative complement cascade) into iC3b (165),

thereby reducing the efficacy of the host complement system. This porin may also

be responsible for the prevention of phagolysosomal fusion in polymorpho-

nuclear leukocytes and a reduced oxidative burst, thereby allowing survival

within these cells. Another extracellular gonococcal protein is protein II, which is

also called Opa since colonies expressing protein II on their surface have a more

opaque appearance. This protein is believed to cooperate in the more intimate

attachment after initial pili interaction. In addition, protein II is able to attach to

the lipooligosaccharide (LOS) of other N. gonorrhoeae, thereby enabling the cells
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to bind to one other and form microcolonies. These microcolonies may also aid in

the initiation of mucosal surface attachment. Protein II is capable of avoiding

clearance by the host immune system by phase and antigenic variation (166).

Phase variation occurs through slipped strand synthesis that produces a frameshift

mutation and produces a prematurely terminated form of the protein. In addition,

multiple variants of the protein II gene exist, and, therefore, the antigenic

character of protein II can be changed by homologous recombination of these

variants. Although this protein is important for mucosal infections, most isolates

from DGI patients are missing protein II from their outer membrane and grow to

form transparent colonies. Protein III is another porin that is prevalent on the

bacterial surface. The antibodies directed against protein III are not bactericidal,

and they sterically inhibit antibody binding to protein I and unsialylated LOS that

would likely result in bactericidal action (167). Therefore, the generation of these

blocking antibodies may prevent serum bactericidal action.

LOS is like the lipopolysaccharide of other gram-negative bacteria except

that its carbohydrate portion does not have the complex structure of the repeating

O side chain. LOS has endotoxin activity and is largely responsible for the

synovial damage in gonococcal arthritis (168,169). Although stable serum

resistance is due to protein I.A., unstable resistance is mediated by the ability

of some gonococcal strains to attach covalently activated forms of host sialic acid

to the galactose residues on LOS (170). This covalent attachment coats the

bacterial cell in host proteins and avoids complement activation. In addition,

opsonization by complement components and formation of the membrane attack

complex of the complement system are inhibited. N. gonorrhoeae also produces

an IgA protease that may aid in colonization. However, the relevance of this

potential virulence factor in gonococcal pathogenesis will need further study.

3. Pseudomonas aeruginosa

P. aeruginosa is a gram-negative, ubiquitous, free-living bacterial species that is

able to survive in a wide variety of environmental extremes. It has a predilection

for moist environments and can infect plants, insects, lower animals, and humans

(171). It has been described as the quintessential opportunist in human infections

and is capable of causing fatal systemic disease in certain conditions. Some of

these conditions arise when normal cutaneous or mucosal barriers have been

breached or bypassed (e.g., penetrating trauma, surgery, or intravenous drug

abuse); when immunological defense mechanisms have been compromised (e.g.,

by chemotherapy-induced neutropenia, hypogammaglobulinemia, extremes of

age, diabetes mellitus, cystic fibrosis, cancer, or acquired immunodeficiency

syndrome [AIDS]); when the protective function of the normal bacterial flora has

been disrupted by broad-spectrum antibiotic therapy; and=or when the patient has
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been exposed to reservoirs associated with a hospital environment (172). There-

fore, this pathogenic bacterial species is able to gain access to the musculoskeletal

system by a number of different routes.

a.) Virulence Factors. Once introduced into a susceptible location within

a host, a P. aeruginosa biofilm may develop on devitalized tissue or medically

implanted devices to produce an infection. Whereas pseudomonal adherence is

mediated by type IV pili, initial colonization is augmented by the activity of

flagella, which allows motility and places the bacterium close enough to solid

structures for the pili to adhere (173–176). Also, this organism produces

neuraminidase that enhances pili binding by removing sialic acid residues from

host glycoprotein GM1, making it a better receptor for the pili (177,178). Once

attached, this organism can form a fully mature biofilm structure composed of a

complex channel system that provides even deeply embedded bacteria access to

nutrients in this modular community. It is believed that the channel system is

maintained by cell-to-cell signaling (179,180).

High-molecular-weight alginate polymers are used to retain P. aeruginosa

cells efficiently within the biofilm matrix. However, large conglomerates of cells

often detach, diffuse away from the parental biofilm, and reattach to the surface,

thereby allowing biofilm spread in the mature biofilm form. This detachment may

be mediated by stress due to hydrodynamic flow and=or by the pseudomonal

enzyme alginate lyase encoded by algL. This enzyme is capable of alginate

degradation and therefore can induce biofilm sloughing and dispersion (181).

The bacterial biofilm phenotype has been shown to protect the embedded

bacteria from normal host defenses and systemic antibiotics. Specifically, the

biofilm protects the organism from direct antibody- and complement-mediated

bactericidal mechanisms and from opsonophagocytosis (172). Also, the major

constituent of pseudomonal biofilms, the bacterially derived extracellular poly-

saccharide matrix, displays antiphagocytic properties, thereby allowing the

bacteria to evade clearance by the host’s immune system (182). The biofilm

also acts as a mechanical barrier and prevents the inward diffusion of a number of

antimicrobials, thereby increasing minimal bactericidal concentrations by greater

than 100 times and allowing bacterial escape from the bactericidal and bacterio-

static effects of antimicrobial therapy (183–185). Furthermore, those bacteria that

survive antibiotic clearance often develop or increase their resistance to the

antibiotic and regrow upon treatment cessation. Meanwhile, the organism

produces a number of extracellular enzymes, including alkaline protease (apr),

elastase (lasB), serine protease (lasA), and hemolytic phospholipase C (plcS). In

addition, the PA-IL and PA-IIL lectins (lecA and lecB) are produced and appear to

function as adhesins as well as cytotoxins for respiratory epithelial cells. P.

aeruginosa also produces the virulence factors exotoxin A and exoenzyme S

(toxA and exoS). Exotoxin A adenosine diphosphate–(ADP)-ribosylates host
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elongation factor-2, causing host translation inhibition (186,187). This toxin is

similar to diphtheria toxin and contributes to tissue damage and diminishes the

activity of phagocytes. Exotoxin S has ADP-ribosylating activity similar to that

seen in many exotoxins and has been found to ribosylate and inactivate G

proteins like the pertussis and cholera toxins (188). In order to achieve full

enzymatic activity, exoenzyme S must be activated by a host cell protein, termed

factor-activating ExoS (FAS) (189). Exoenzyme S is extremely important for the

ability of P. aeruginosa to cause disease since disrupting the gene increased the

LD50 by a factor of 104 in burned mouse models (188). The breakdown of host

tissues by these extracellular bacterial products creates conditions that enhance

bacterial proliferation, invasion, and tissue injury. These activities may culminate

in bloodstream invasion and dissemination.

b.) Regulation. P. aeruginosa regulates these virulence factors in a

complex, but coordinated, way in a microbial cell density–dependent manner

through quorum sensing and response to environmental cues. The quorum

sensing ability in P. aeruginosa is very different from that in the S. aureus

system and is dependent upon two distinct but interrelated systems, las and rhl.

There is a definite hierarchy of these systems, with the las system taking

precedence. These two systems work in concert to upregulate a number of

pseudomonal factors that enable this pathogen to survive in highly diverse

environments. In the las quorum sensing system, the lasI gene product directs

the formation of the extracellular autoinducing signal N -(3-oxododecanoyl)

homoserine lactone (3-oxo-C12-HSL) (Fig. 4), whose secretion to the extracel-

lular environment is aided by P. aeruginosa efflux pumps encoded by the mexA-

mexB-ompR operon (190). As 3-oxo-C12-HSL concentrates in the extracellular

environment, it is taken up by P. aeruginosa cells and interacts with the LasR

transcriptional activator. This LasR-3-oxo-C12-HSL complex is then able to

activate the expression of a number of genes, including lasB (elastase), lasA (a

serine protease that nicks elastin and works synergistically with elastase), apr

(alkaline protease), toxA (exotoxin A), both xcp operons (xcpPQ and xcpR-Z,

encoding the type II secretion apparatus), rhlR, and lasI itself (191). The

formation of the LasR-3-oxo-C12-HSL complex may be aided by GroESL

chaperonins as seen in the lux system of V. fischeri (192). These chaperonins

are upregulated in response to heat shock and the resultant protein misfolding via

the RpoH and AlgU alternative sigma factors. Also, the transcription of lasR is

induced in response to glucose limitation, and this induction is mediated through

the virulence factor regulator–cyclic adenosine monophosphate (vfr-cAMP)

complex (discussed later) (193).

The second P. aeruginosa quorum sensing system consists of the regulatory

protein RhlR and the diffusible autoinducer N-butyryl homoserine lactone (C4-

HSL) (Figs. 4 and 5) synthesized by the product of rhlI. In contrast to 3-oxo-C12-
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HSL, C4-HSL is freely permeable. Apparently the length and=or degree of

substitution of the N -acyl side chain determines whether an autoinducer is

freely diffusible or is subject to active efflux by P. aeruginosa. As in the

homologous las system, once the diffusible autoinducer C4-HSL attains adequate

levels, it binds and activates the RhlR transcriptional regulator. RhlR-C4-HSL has

been shown to regulate the rhamnolipid biosynthesis operon rhlAB, alkaline

protease, pyocyanin, PA-IL and PA-IIL lectins, lasB-encoded elastase, and rhlI

itself (191). The hierarchy of the las=rhl system is aided by the inhibitory action

of the unbound las autoinducer, 3-oxo-C12-HSL, on the binding of C4-HSL to the

RhlR transcriptional activator. The upregulation of lasR transcription and the

resulting elevated concentrations of the LasR-3-oxo-C12-HSL complex allow the

rhl system to be subsequently activated. The rhl quorum sensing system was also

shown in 2000 to be inhibited by the alternative sigma factor, RpoS (194), and

activated by the gac two-component regulatory system that responds to growth

phase (Figs. 4 and 5) (187). In addition, the formation of the RhlI-C4-HSL

complex has been shown to be aided by GroESL chaperonins as seen in the lux

system of V. fischeri and possibly in the formation of the LasR-3-oxo-C12-HSL

complex (192).

Another factor in this quorum sensing system is the negative regulator,

RsaL (195). In P. aeruginosa, LasR and 3-oxo-C12-HSL globally regulate many

products associated with virulence, as well as the second P. aeruginosa quorum

sensing system. It has been theorized that at low cell density, RsaL inhibits

transcription of lasI by binding to the lasI operator region, thereby blocking

activation by LasR-3-oxo-C12-HSL (195). As the cell density increases, so does

the intracellular concentration of 3-oxo-C12-HSL, which allows sufficient LasR-

3-oxo-C12-HSL formation to inhibit RsaL competitively for binding to the lasI

operator. Thus, it appears that during the early stages of growth, RsaL blocks the

quorum sensing cascade by inhibiting the transcription of lasI. Finally, it was

found that this organism produces another intercellular signal, the Pseudomonas

sp. quinolone signal (PQS), that was identified as a 2-heptyl-3-hydroxy-4-

quinolone (196,197). PQS is produced maximally at late stationary phase and

works by activating transcription of the rhlI gene (and to a lesser degree lasR and

rhlR). It is not known what activates the production of PQS, but this molecule is

probably not involved in sensing cell density.

The 3-oxo-C12-HSL and the C4-HSL of the las and rhl systems, respec-

tively, have been well studied; other homoserine lactones may have been

identified in P. aeruginosa by using a combination of reporters, thin layer

chromatography, and comparison to HSL standards (198). In P. aeruginosa

isolates derived from cystic fibrosis–related chronic lung infections, investigators

were able to detect up to five additional HSLs: N -hexanoyl-L-homoserine lactone

(C6-HSL), N -(3-oxohexanoyl)-L-homoserine lactone (3-oxo-C6-HSL), N -(3-

oxooctanoyl)-L-homoserine lactone (3-oxo-C8-HSL), N -(3-oxodecanoyl)-L-
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homoserine lactone (3-oxo-C10-HSL), and N -(3-oxotetradecanoyl)-L-homoserine

lactone (3-oxo-C14-HSL). This study also noted that the production of HSLs

showed pronounced reduction when the patient was subsequently cocolonized

with Burkholderia cepacia. Although only one cocolonized patient was evaluated,

the properties of multispecies infections and potential interspecies communica-

tion may be important in cystic fibrosis and in biofilms.

Although the quorum sensing system is an extremely important determi-

nant of virulence factor expression in P. aeruginosa, the system must be able to

respond adaptively to environmental stimuli. Stimuli that have been shown to

affect this system (either directly or indirectly) include heat shock, iron and

glucose availability, RpoS-mediated inhibition (possibly due to specific amino

acid starvation), and entry into stationary growth phase mediated by unknown

stimulators of the gac two-component system.

The regulation of biofilm formation and virulence factor expression is a

complex interaction among a number of regulatory cascades in P. aeruginosa. For

example, exotoxin A, the diphtherialike toxin responsible for protein synthesis

disruption in eukaryotic cells, is regulated by a number of environmental and

quorum sensing signals (Fig. 6). Some of the environmental signals that P.

aeruginosa responds to are the presence of glucose, iron and nitrogen availability,

oxygen levels, temperature variations, pH, osmolarity, amino acid starvation, and

ultraviolet damage.

The P. aeruginosa response to glucose limitation is mediated through the

virulence factor regulator (Vfr) that demonstrates significant homology to the

cAMP receptor protein (CRP) of E. coli (193). When glucose is in short supply,

the intracellular concentration of cAMP is upregulated in most microbes. In P.

aeruginosa, two cAMP molecules bind the inactive Vfr dimer. This cAMP-Vfr

complex is then able to bind a consensus dyad symmetrical sequence in the

promoter region of a number of operons, including the quorum sensing regulator

(lasR) and genes required for the utilization of various carbon sources, through a

helix-turn-helix binding motif (193). Upon binding, the complex promotes the

localization of the RNA polymerase holoenzyme (RNAP) to the promoter region

through interaction between the b-subunit of the RNAP and the cAMP-Vfr

complex. As previously mentioned, the cAMP-Vfr complex is able to activate the

transcription of lasR, thereby activating the quorum sensing cascade when the

autoinducer, 3-oxo-C12-HSL, is present at significant levels. It is interesting to

note that the transcription of the vfr gene itself has recently been shown to be

activated by both the las and rhl autoinducer–transcriptional regulator complexes.

Another carbon metabolite regulator, termed the catabolite repression control

(Crc) protein, has been recently found. This protein is able to sense carbon source

availability and affects expression of the type IV pili structural subunit PilA to

promote microcolony formation on biofilms. As demonstrated in mutation

studies, P. aeruginosa Crc mutants are only capable of forming thin biofilm
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monolayers instead of conglomerating into a number of microcolonies through

type-IV–dependent twitching motility (199). Therefore, Crc may represent a link

between carbon availability and the decision on whether or not to enter into a

biofilm mode of growth.

Since P. aeruginosa prefers aerobic metabolism that utilizes a number of

iron-containing enzymes, this microbial species has evolved a number of

strategies to obtain iron from its environment (200). In order to conserve

energy and resources, P. aeruginosa tightly regulates the expression of its iron

acquisition systems to limit their activity in iron-rich environments. This iron-

dependent regulation centers on the activity of a recently isolated homologue of

the ferric uptake regulator (Fur) in Escherichia coli (200,201). When iron is in

ample supply, Fur binds Fe2þ and is able to attach to a palindromic consensus

sequence (termed the ‘‘Fur box’’) in the promoter regions of iron-regulated genes,

thereby repressing their expression. When P. aeruginosa is grown in iron-limiting

conditions, Fe2þ dissociates from the complex, causing Fur release and repression

removal. Genes controlled either directly or indirectly by the Fur system include

those that code for other regulatory proteins (e.g., the sigma factor PvdS), iron-

scavenging proteins (e.g., pyochelin and pyoverdin siderophores), proteases that

degrade the iron-binding host proteins, the cytotoxin exotoxin A that enables iron

release from susceptible host cells to occur, proteins involved in basic metabolic

processes (e.g., Krebs cycle), and proteins responsible for oxidative stress

survival (e.g., superoxide dismutase) (202–204). Alterations in iron concentra-

tions have been shown to affect the quorum sensing system; such interactions

may be mediated indirectly through the vfr regulation system, as seen in V.

fischeri (205).

In reference to respiration, P. aeruginosa can utilize inorganic electron

acceptors (other than oxygen) for growth. However, this species is incapable of

fermentative metabolism and generally grows more fastidiously in oxygenated

environments since it prefers aerobic metabolism. Therefore, it is not surprising

that this organism alters its gene expression in response to oxygen levels. This

control is mediated through the oxygen-sensing transcriptional regulator protein,

anaerobic nitrate respiration (ANR) protein, which is homologous to the FNR in

E. coli (206). This protein forms a [4Fe-4S]2þ cluster under conditions of low O2.

This cluster formation has been shown to promote dimerization and binding to

promoter regions of genes whose functions facilitate adaptation to growth under

anaerobic conditions (e.g., denitrification enzymes and=or their regulators) (207).
There are no data to support the direct role of ANR in the regulation of the

Figure 6 The complex interaction of the P. aeruginosa quorum sensing system and

environmental stimuli in the regulation of toxA (exotoxin A) transcription. See text for

gene descriptions.
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quorum sensing system. However, O2 levels must be taken into account when

evaluating cell-to-cell signaling experimental data since ANR has been shown to

activate the transcription of a large number of enzymes associated with anaerobic

metabolism while repressing the expression of those enzymes responsible for

aerobic metabolism. By taking into account the effect of oxygen-dependent

regulation, one may prevent the incorrect assumption of causal relationships

between gene expression and quorum sensing system activity.

This organism has been shown to adapt to amino acid starvation through a

complex series of regulatory events termed the stringent response that has been

described as a global regulation mechanism. Briefly, this response (well eluci-

dated in E. coli) is mediated through the accumulation of uncharged cognate

transcriptional RNA (tRNA). When the ratio of aminoacyl-charged to -uncharged

tRNA falls below a critical threshold, occupation of the vacant mRNA codon at

the ribosomal A site by uncharged cognate tRNA leads to stalling of peptide

chain elongation. Also, the synthesis of the pseudomonal nucleotide (p)ppGpp

from guanosine triphosphate and adenosine triphosphate (GTP) (ATP) is induced

in a ribosomal-dependent idling reaction (208,209). It has been demonstrated in

E. coli that the (p)ppGpp inhibits RNA polymerase, causing the downregulation

of a wide range of energetically demanding cellular processes (e.g., the synthesis

of stable RNA), stimulation of certain amino acid synthesis pathways (e.g.,

isoleucine), and induction of stationary phase-specific genes through the effects

of the stationary-phase=stress-specific sigma factor (a.k.a. ss or RpoS) (208,210).

Whereas the s70 (a.k.a. sD) factor is responsible for the transcription of

constitutive-expressed and housekeeping genes, ss has been implicated in the

transcription regulation of over 50 genes in E. coli in response to not only amino

acid starvation, but also osmotic stress, acid shock, heat shock, oxidative DNA

damage, and transition to stationary phase. Transcriptional regulation of rpoS

expression has been demonstrated to be under positive control by (p)ppGpp and

negative control by the cAMP receptor protein. Also, translational control has

been ascribed to a number of other factors including an RNA-binding protein

(Hfq), a nucleoid histonelike protein (H-NS), and a small regulatory RNA (dsrA

RNA) that destabilizes the secondary structure in rpoS mRNA to allow transla-

tional initiation. However, proteolysis of RpoS by the ClpPX protease (due to the

removal of protection of RpoS by the chaperone protein, DnaK) seems to be the

main regulation mechanism (211). This sigma factor was shown in 2000 to inhibit

rhlI transcription, thereby reducing the level of C4-HSL- and RhlR-RhlI-regulated

gene transcription (194).

P. aeruginosa also mediates changes in gene expression through a complex

array of other alternative RNA polymerase sigma factors in response to a number

of environmental stressors. Heat shock is one example of an environmental stress,

and the pseudomonal response is mediated through the combined effect of the

extracytoplasmic stress factor, sE (a.k.a. AlgU), and sH (a.k.a. RpoH or s32)

(212). AlgU and RpoH respond to the accumulation of misfolded proteins in the
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periplasmic and cytosolic bacterial compartments, respectively. Specifically, AlgU

is able to upregulate its own expression as well as the expression of genes coding

for RpoH and the enzymes of the alginate biosynthetic pathway (212). The

antisigma factor products of mucA and mucB normally inhibit the activity of AlgU

(213,214). However, in patients suffering from cystic fibrosis, these anti–sigma

factor coding regions are often mutated, resulting in the conversion of nonmucoid

strains into the mucoid variety by allowing for the constitutive overproduction of

alginate (214,215). This excess of alginate production in P. aeruginosa results in

the formation of biofilm microcolonies consisting of exopolysaccharide-

embedded cells. These biofilm microcolonies demonstrate high-level resistance

to host or antimicrobial clearance strategies. In reference to RpoH, many of its

regulatory effects can be linked to its activation of GroESL proteins (192). These

proteins act as chaperonins that sequentially promote correct folding of a number

of proteins and aid in the formation of protein complexes, possibly including the

LasR quorum sensing regulator with the LasI product, 3-oxo-C12-HSL, and the

formation of the RhlR-C4-HSL complex (191,192). Two other environmental

stressors that regulate gene expression through alternative sigma factors are the

need for flagella (mediated by sF, a.k.a. s28 or RpoF coded by fliA) and nitrogen

depletion (sN a.k.a. s54 or RpoN) (216,217). All of the sigma factors discussed

have been well studied in E. coli, but their role in pseudomonal stress response and

biofilm formation is still unclear.

GacA and GacS are highly conserved among Pseudomonas spp. and

demonstrate upregulation of expression upon entry into stationary phase as a

result of an unknown signal (187). gacS Encodes the cognate sensor kinase that

activates the response regulator coded for by gacA by phosphorylation (218). This

GacS=GacA system strictly controls the expression of extracellular products

(antibiotics, exoenzymes, and hydrogen cyanide) when cells are in the transition

from exponential to stationary phase. This system has also been found to increase

the production of the C4-HSL autoinducer of the pseudomonal rhl quorum

sensing system (187). It was hypothesized that activated GacA, by virtue of its

typical C-terminal helix-turn-helix DNA binding motif, regulated the transcrip-

tion of target genes. However, 1999 evidence points to posttranscriptional control

by interacting with the mRNA ribosomal binding site of GacA-controlled genes

(219). The importance of this regulatory system can be demonstrated by a study

in which a gacA mutant of P. aeruginosa has attenuated virulence in animal

models (218).

III. PROPERTIES OF THE HOST

A number of virulence factors of pathogenic microorganisms allow persistent

infections, and many host factors assume a significant role. The localization of

many MSIs within specific sites of the host is due to the vascular architecture of
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these sites. In addition, any systemic or local factor of the host that affects

immune surveillance, metabolism, and local vascularity reduces the ability of the

host to resolve the infection and may result in the development of MSIs (Table 2).

A number of these factors are discussed in the sections that follow.

A. The Normal Host Vasculature

In cases of long bone osteomyelitis, the metaphyses of the long bones (tibia,

femur) are most frequently involved (1). The anatomical characteristics of the

metaphyseal region seem to explain this clinical localization (220). The afferent

artery ends in the metaphyses as narrow capillaries that make sharp loops near the

growth plate and enter a system of large venous sinusoids where the blood flow

becomes slow and turbulent. These capillary loops are essentially the ‘‘end-

artery’’ branches of the nutrient artery. This structure leads to a slowing of blood

flow in the area and presumably allows bacteria to settle and initiate an

inflammatory response. The histological features of the region may also be a

contributing factor. The metaphyseal capillaries lack phagocytic lining cells and

the sinusoidal veins contain functionally inactive phagocytic cells (221); this

structure further allows growth of microorganisms. Any end-capillary obstruction

could lead to an area of avascular necrosis. Minor trauma probably predisposes

the infant or child to infection by producing a small hematoma, vascular

obstruction, and subsequent bone necrosis that are susceptible to inoculation

from a transient bacteremia (222). Vertebral hematogenous osteomyelitis loca-

Table 2 Systemic or Local Factors That Affect Immune Surveillance, Metabolism, and

Local Vascularity

Systemic (Bs) Local (BI)

Diabetis mellitus Major vessel compromise

Renal, hepatic failure Small and medium vessel disease

Malnutrition Extensive scarring

Chronic hypoxia Arteritis

Immunosuppression or Radiation fibrosis

immune deficiency Chronic lymphedema

Malignancy Venous stasis

Immune disease Neuropathy

Extremes of age Tobacco abuse [�2 packs per day]

Chronic granulomatous disease Presence of implants

Localized trauma
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lizes within the cancellous bones, particularly the lumbar and thoracic areas of the

spine because of their rich blood supply and reduced shear, thereby allowing for

colonization and infection.

In cases of septic arthritis, the architecture of the normal joint space allows

for the easy hematogenous entry of bacteria since the well-vascularized synovial

membrane has no limiting basement membrane. Bacteria may also gain entry into

the joint by direct introduction or extension from a contiguous site of infection.

Once bacteria are seeded within the closed joint space, the low fluid shear

conditions allow bacterial adherence and infection. The virulence and tropism of

the microorganisms combined with the resistance or susceptibility of the synovia

to microbial invasion are major determinants of joint infection.

B. Generalized Vascular Insufficiency

Most patients who have MSIs and generalized vascular insufficiency suffer from

diabetes (6). The diminished arterial blood supply has traditionally been consid-

ered to be the major predisposing factor in the initiation of infection and its

progression to a chronic state (6). Observations in 1999 suggest that neuropathy

may be an equally important factor (223). Identifiable neuropathy as a complica-

tion of diabetes mellitus is present in approximately 80% of patients with foot

disease (223). Neuropathy may cause foot infection through three mechanisms.

First, patients with decreased sensation suffer mechanical or thermal injuries

without awareness, leading to skin ulcerations. Second, motor neuropathy

affecting the intrinsic muscles of the foot predisposes the patient to gait

disturbances and foot deformities, such as hammer and claw toes and Charcot

foot. These anatomical alterations may lead to a maldistribution of weight, which

elevates focal pressure over the bony prominences. The increase in focal pressure

where the foot contacts the ground or footwear may lead to subsequent skin

ulceration. Third, autonomic neuropathy contributes by interfering with sweating

and causing dry, cracked skin, thereby breaching the integrity of the skin

envelope, allowing entry of microorganisms into the soft tissue. All three

mechanisms may cause skin ulceration with subsequent skin infection, which

may lead to contiguous focus osteomyelitis. A higher rate of nasal and skin

colonization with S. aureus, defects in host immunity, and impaired wound

healing all play a role in diabetic foot infection (224). Superficial fungal skin

infections, which are common in diabetic patients, may also allow bacteria entry

through macerated or broken skin. Inadequate tissue perfusion in the area of

trauma allows the infection to persist to a chronic state.

Decreased sensitivity, ischemia, and a decrease in the cellular response to

bacteria are all characteristics of diabetic foot infection. The extent of infection

depends on the type of bacteria and number of different organisms present as well

as the local tissue response. The location of infection is most often the
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toes=phalanges or the midfoot=metatarsals. Although osteomyelitis can develop

in the diabetic foot with sensate, well-vascularized soft tissue, it is uncommon.

Footwear that does not evenly distribute weight or restricts circulation in an area

that is under weight bearing pressure may contribute to cellulitis and ulceration.

Cellulitis is an inflammatory response that produces gross signs of redness and

edema. At the cellular level there are decreased levels of blood flow, oxygen,

phagocytosis, complement factors, and antibodies and increased levels of acid,

microscopic debris, and bacteria. The cause of diabetic foot ulcers and=or
osteomyelitis is typically a contiguous spread of bacteria and necrosis from an

ulcer site. The neuropathic patient may be unaware of the problem until there is a

large ulcer formation. An abscess is produced when bacterial colonization creates

a local pocket of cell death that is due to acid and pressure. A soft tissue abscess,

left untreated, has the potential to progress to infect the bone. Infection in the

diabetic foot is caused by the combination of decreased sensitivity, ischemia, and

decreased tissue response to bacteria. The extent of infection depends on the

amount and type of bacteria and the way the tissue responds to it.

C. Localized Vascular Insufficiency

As with generalized vascular insufficiency, local circulation that is compromised

by one or more factors (Table 2) can lead to a reduction in the ability of bone and

joint tissues to prevent or eradicate infections effectively as a result of the

abrogated metabolic supply to tissues, reduced immune surveillance, and the

accompanying inhibition of the local inflammatory response (225). Colonization

may also be aided in cases in which the bone or joint has undergone recent injury.

In this environment, the production of host-derived extracellular matrix proteins

that aid in healing (e.g., fibronectin) may promote bacterial attachment and

progression to infection. Clotted blood, dead space, and compromised soft tissues

make a medium perfect for bacterial proliferation. Within the damaged bone,

necrosis of the outer tangential lamella partly is promoted by partial periosteal

retrogression. Necrosis of the fracture ends caused by a disturbance of the

medullary blood circulation may follow (226). Compromise of soft tissue

adjacent to bone is a major reason for continued drainage (226,227). Within

the bone, necrosis of the outer tangential lamella is partly promoted by partial

periosteal retrogression.

D. The Involucrum and Osteomyelitis

In normal tissues, necrosis is an important feature of infection. Dead bone is

absorbed by the action of granulation tissue developing at its surface. Absorption

takes place earliest and most rapidly at the junction of living and necrotic bone. If

the area of the dead bone is small, it is entirely destroyed by granulation tissue,
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leaving a cavity behind. The necrotic cancellous bone in localized osteomyelitis,

even though extensive, is usually absorbed. Some of the dead cortex (cortical

bone) is gradually detached from living bone to form a sequestrum. The organic

elements in the dead bone are largely broken down by the action of proteolytic

enzymes elaborated by host defense and mesenchymal cells (polymorphonuclear

leukocytes, macrophages, or the osteoclasts). Because of lost blood supply, dead

bone appears whiter than living bone. Cancellous bone is absorbed rapidly and

may be completely sequestrated or destroyed in 2 to 3 weeks, but necrotic cortex

may require 2 weeks to 6 months for separation from living bone. After complete

separation, termed sequestration, the dead bone is slowly eroded by granulation

tissue and absorbed.

When the area of dead bone is too large, or the host response is

systemically or locally compromised (Table 2), the process of bone resorption

may be inadequate and may result in the development of the involucrum.

Involucrum may be defined as live, encasing bone that surrounds infected dead

bone within a compromised soft tissue envelope (228). The involucrum is

irregular and is often perforated by openings through which pus may track into

the surrounding soft tissues and eventually drain to the skin surfaces, forming a

draining sinus tract (229). This host response is the hallmark sign of chronic

osteomyelitis and is an attempt by the host to isolate the infection process. The

development of the involucrum occurs once the infection is established and

fibrous tissue and chronic inflammatory cells surround granulations and dead

bone (228). New bone forms from the surviving fragments of periosteum,

endosteum, and cortex in the region of the infection and is produced by a

vascular reaction to the infection. New bone may be formed along the intact

periosteal and endosteal surfaces. New bone may also form from the periosteum.

The involucrum may gradually increase in density and thickness to form part or

all of a new shaft. New bone increases in amount and density for weeks or

months, according to the size of the bone and extent and duration of infection.

Endosteal new bone may proliferate and obstruct the medullary canal. After the

infection is contained, there is a decrease in the vascularization and the metabolic

demands of an effective inflammatory response cannot be satisfied. The revascu-

larization and resorption of the dead bone and scar tissue are similarly affected.

The process of resorption eventually subsides and the Haversian canals are sealed

by scar tissue. The decrease in vascularization produces a low oxygen tension in

infected tissue that interferes with the normal oxygen-dependent intracellular

killing mechanisms of the polymorphonuclear leukocyte and the angiogenesis

and wound healing activity of fibroblasts (230).

The coexistence of infected, nonviable tissues and an ineffective host

response leads to the chronicity of this disease. The nidus of the persistent

contamination must be removed before the infection can begin to regress

(229,231). Therefore, a thorough débridement is mandatory for resolution of
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chronic osteomyelitis in situations in which the host defense removal of the

sequestrum is inadequate. Once the sequestrum has been surgically removed, the

remaining cavity may be filled with new bone, especially in children. However, in

adults the cavity may persist, or the space may be filled with fibrous tissue that

connects with the skin surface through a sinus tract.

E. Age and Musculoskeletal Infections

There are basic differences in the pathological features of MSIs in infants,

children, and adults. In infants, small capillaries cross the epiphyseal growth plate

and permit extension of infection into the epiphysis and joint space (232). The

cortical bone of the neonate and infant is thin and loose, consisting predominantly

of woven bone, which permits escape of the pressure caused by infection but

promotes the rapid spread of the infection directly into the subperiosteal region. A

large sequestrum is not produced because extensive infarction of the cortex does

not occur, but large subperiosteal abscess may form. In children older than 1 year

of age, infection presumably starts in the metaphyseal sinusoidal veins and is

contained by the growth plate; the joint is spared unless the metaphysis is

intracapsular. The infection spreads laterally, breaking through the cortex and

lifting the loose periosteum to form a subperiosteal abscess. In adults, the growth

plate has resorbed and the infection may again extend to the joint spaces. Also, in

adults, the periosteum is firmly attached to the underlying bone, so subperiosteal

abscess formation and intense periosteal proliferation are less frequently seen.

The infection may erode through the periosteum, forming a draining sinus

tract(s).

The elderly are more susceptible to a number of infections than younger

adults, and, therefore, the aged may be considered immunocompromised. The

decline in natural and induced immunity seen in the elderly results in a general-

ized reduction in the immune response to foreign antigens. The greater suscept-

ibility to infections is due to the effects of age on the immune system and immune

suppression caused by age-related illnesses. Specifically, the deficient immune

response to foreign antigens results from the loss of thymic and T-lymphocyte

function (mainly related to the production and response to interleukin-2 [IL-2])

and associated decrease in antibody production by B cells (233).

F. Implanted Medical Devices

The increased use of implanted medical devices such as intramedullary rods,

screws, plates, and artificial joints has provided a physiological niche for

pathogenic organisms to cause MSIs. Some bacterial species may initially

colonize these implants during surgical implantation or subsequently by hema-

togenous spread. If the infection is of recent onset (<3 months), it is likely the
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result of surgical contamination. In this setting, Staphylococcus epidermidis

predominates as the major isolate. However, late-onset infection is usually

caused by hematogenous seeding and S. aureus is the most common isolate,

followed by Streptococcus spp., gram-negative bacilli, and anaerobes. An

inherent problem associated with implants is their propensity to be coated in

host proteins such as fibrinogen and fibronectin shortly after implantation (129).

In the short term, fibrinogen=fibrin seems to be the dominant coating host protein,

whereas fibronectin becomes dominant in the long term since fibrinogen=fibrin is

degraded. Implants can then act as a colonization surface to which bacteria

readily adhere through the binding activity of fibrinogen and fibrin binding

receptors of S. aureus. Also, implants are often responsible for reduced blood

flow and local immunocompromise by impairing natural killer, lymphocytic, and

phagocytic cell activities. These implanted devices have also been linked to

decreasing the amount of superoxide, a mediator of bacterial killing within

professional phagocytic blood cells (234). Another mechanism by which

implanted medical devices produce local immune compromise is through

frustrated phagocytosis (234). In this case, professional phagocytes may undergo

apoptosis when encountering a substrate of a size that is beyond their phagocytic

capability. The resulting release of reactive products of oxygen and lysosomal

enzymes may cause accidental host tissue damage and local vascular insuffi-

ciency, thereby increasing the predisposition to chronic osteomyelitis develop-

ment. Also, a portion of the normal phagocytic processes are devoted to the

removal of the implant foreign material (particularly with metals, methyl

methacrylate, and polyglycolic acid), thereby using the energy and resources of

the immune system that would normally be used to fight infection (235–237).

Therefore, prosthetic implants not only provide a substrate for bacterial adher-

ence, but also limit the ability of the host to deal adequately with the infection.

Once colonized, bacteria (such as staphylococcal species) are able to synthesize a

‘‘slime’’ layer, termed the glycocalyx or biofilm. This layer prevents the inward

diffusion of a number of antimicrobials and host phagocytic cells, thereby

allowing the bacteria to escape the effects of antimicrobial therapy and the host

immune system (238). Once an implant is colonized and chronic osteomyelitis

ensues, the only treatment option is implant removal.

The risk of implant infection may be increased by a number of factors.

First, certain joint replacements (e.g., total elbow arthroplasties) are more

susceptible to infection because they remain close to the surface and have poor

soft tissue coverage (239). Second, certain patient populations are at increased

risk because of underlying conditions or systemic diseases, including those

patients suffering from diabetes mellitus and rheumatoid arthritis (240). Also,

of patients who are elderly, obese, or malnourished or who have undergone prior

surgery at the implantation site are also at risk. Third, polymethylmethacrylate

(PMMA) bone cement may be inhibitory to the activity of white cells and
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complement function. Also, the heat released during PMMA polymerization may

kill the juxtaposed cortical bone, thereby creating a nonvascularized area. This

provides the bacteria a lush growth environment in which they are sealed off from

the circulating host defenses. Finally, it has been shown that patient nasal carriage

was the most important risk factor associated with surgical site infection (241).

Therefore, it may be a worthwhile goal to eliminate S. aureus carriage prior to

invasive procedures.

G. A Special Case: Inherited Forms of Phagocyte Defects

Defects of phagocyte function are due to alterations in which the normal

oxidative burst of the phagocytes or phagocytic adherence ability (required for

exit from the vasculature to infected tissues and opsonization of complement-

coated bacteria) is reduced. These inherited defects occur in a small proportion of

the population. However, the faulty phagocyte function can result in inhibition of

infection clearance and progression to deep infection such as osteomyelitis. Three

phagocyte defect syndromes that have been associated with the development of

chronic osteomyelitis are chronic granulomatous disease (CGD), myeloper-

oxidase (MPO) deficiency, and hyperimmunoglobulin-E-recurrent infection

(Job’s) syndrome (HIE).

CGD patients have a defective cytochrome (b245) in the electron transport

chain used in the production of reactive oxygen molecules (242,243). These

reactive molecules are normally responsible for the oxidative burst in phagocytes

that kill ingested microorganisms (243). Since catalase-positive pathogenic

species (such as Staphylococcus spp., E. coli, Pseudomonas spp., Aspergillus

spp., and Candida spp.) are able to degrade the low levels of hydrogen peroxide

present in the phagocytes of these patients, they are usually associated with the

deep infections encountered in CGD sufferers (244). MPO-deficient patients

often are undetected since they rarely have recurrent infections unless they have a

concomitant disease such as diabetes mellitus (244). However, they may be

predisposed to recurrent Candida spp. infection (245). HIE patients have

defective interferon-g production by CD4þ T helper cells that results in abnormal

chemotaxis and elevated IgE levels (246). These patients are susceptible to skin

infections with S. aureus (244). The absence of specific granules is rare, but these

patients also have recurrent infections thought to be secondary to a chemotactic

defect and a minor abnormality of neutrophilic killing of microbes. Other

disorders that affect phagocyte function include diabetes mellitus, liver failure,

glycogen storage disease, antibody deficiency (IgG, IgM), complement deficiency

(complement proteins C3, C3b), leukocyte adhesion deficiency types 1 and 2

(LAD 1 and 2), glucose-6-phosphate dehydrogenase deficiency (G6PD defi-

ciency), and Chediak-Higashi syndrome (CHS).
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H. Case Example of Normal Immune Responses in
Staphylococcus aureus Osteomyelitis

During acute osteomyelitis, the innate immune system responds to the peptido-

glycan wall (via N -formyl methionine proteins and teichoic acids) of S. aureus to

produce proinflammatory cytokines (such as IL-1b, IL-6, and TNF-a) and C-

reactive protein. These factors enable the host to mount a protective inflammatory

response that contains this pathogen and often resolves the infection. However,

when the infection is not cleared by the host’s innate immune system, S. aureus is

well equipped to persist by a number of virulence factors and strategies,

including, but not limited to, invading and surviving in mammalian cells,

hiding within a biofilm, or producing a thick, antiphagocytic capsule. Also, the

cell-mediated T helper (TH1) and humoral (TH2) adaptive immune responses are

often inadequate. In a 1999 study using a murine model of acute hematogenous

osteomyelitis, the increase in the central cytokines of cell-mediated immunity (IL-

2 and IFN-g) seemed to be only transient, whereas the inflammatory cytokines

remained at elevated levels in osteomyelitic bone (247). This cytokine profile

resulted in an initial expansion and activation of T-cell subsets followed by

apoptosis. Therefore, S. aureus seemed to interfere with the antibacterial immune

response by downregulating both T-cell immunity and adaptive immune cytokine

production. Whereas a staphylococcal infection usually directs the immune

system to a TH1 response (i.e., T cell mediated immunity), this type of

immune response has questionable efficacy in the low oxygen partial pressures

of infected bone where immune cell function is inhibited. Also, it was found in a

2000 study in mice that a high level of interferon-g (a TH1 cytokine) plays a

detrimental role in staphylococcal infection, and IL-4 and IL-10 (TH2 cytokines)

are involved in host resistance to infection through regulation of interferon-g
(248). However, the necessity of the TH2 response to clear S. aureus infection

was questioned in a 1999 study utilizing IL-4-deficient mice (249). It seems that a

TH2 response is only required for S. aureus infection clearance in certain mice,

depending upon their genetic background. In addition, it was shown in 2000 that

when interferon-g was given to mice infected with S. epidermidis well after the

initial inflammatory response, the animal was able to reduce the level of

biomaterial-associated infection (250). Also, whereas intraphagocytic persistence

occurred in untreated mice, those animals that received interferon-g did not

demonstrate any gram-positive intracellular invasion. Therefore, although an

early increase in TH1 cytokines during the initial inflammatory response may

often result in host tissue damage, pathogen clearance may occur when these

cytokines are provided to the infected host after this initial phase (i.e., during the

temporal stage when the immune system has become compromised as a result of

overstimulation by superantigens). This may be a valuable method to activate a

correct and properly timed TH1 immune response.
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In summary, S. aureus infects and elicits a strong native immune response,

cytokine release, and high T cell activation. This pathogen is able to use a number

of immunoavoidance strategies during this time (discussed previously), while the

host immune system causes damage to ‘‘self ’’ tissues and blood vessels in the

area of infection. This damage may cause local circulatory and immune

compromise. The high T cell activation eventually results in apoptosis and an

impotent immune system, enabling this pathogen to persist. By artificially

activating the host immune system to an effective TH1 response (via administra-

tion of interferon-g) after the initial inflammatory response, this persistent

pathogen may be cleared more easily by the host.

I. Case Example of Normal Immune Responses in
Staphylococcus aureus Septic Arthritis

Once colonized, bacteria are able to proliferate rapidly and activate an acute

inflammatory response. Initially, host inflammatory cytokines, including IL-1b
and IL-6, are released into the joint fluid by synovial cells (251). These cytokines

activate the release of acute phase proteins (e.g., C-reactive protein) from the liver

that bind to the bacterial cells and thereby promote opsonization and activation of

the complement system. In addition, there is an accompanying influx of host

inflammatory cells into the synovial membrane early in the infection. Phagocy-

tosis of the bacteria by macrophages, synoviocytes, and polymorphonuclear cells

occurs and is associated with the release of other inflammatory cytokines, which

include TNF-a, IL-8, and granulocyte-macrophage colony-stimulating factor, in

addition to increasing the levels of already present IL-1b and IL-6. It was

demonstrated in a 1998 clinical study that IL-6 and TNF-a concentrations were

persistently high even 7 days after treatment was initiated, whereas IL-1b
concentration decreased significantly after 7 days (252). Many of these cytokines

and the associated immune response have been shown in animal models to be

required for bacterial clearance and the prevention of mortality due to bacteremia

and septic shock (253). Nitric oxide, a common mediator of inflammatory

cytokines, is also required (254).

The T cell mediated (TH1) and humoral (TH2) adaptive immune responses

may also play a role in the clearance and=or pathogenesis of acute septic arthritis.
T cells enter the joint within a few days after infection (255). The role of CD4þ T

cells in joint destruction has been demonstrated since their in vivo depletion

resulted in a considerably milder course of staphylococcal arthritis (255). These

lymphocytes are specifically activated by bacterial antigens in association with

host antigen presenting cells or nonspecifically in the case of bacterial super-

antigens (e.g., TSST-1). The cytokine produced by these activated T cells, IFN-g,
has been shown to reduce the level of mortality and joint destruction in a mouse

model of group B Streptococcus spp. when delivered 18 hours after bacterial
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inoculation (256). However, when S. aureus was used as the infecting organism in

this model, IFN-g was shown to increase the frequency and severity of septic

arthritis while protecting mice from septicemia (257). Also, it was found in a

2000 study in mice that a high level of IFN-g (a TH1 cytokine) plays a detrimental

role in staphylococcal infection, and IL-4 and IL-10, both TH2 cytokines, are

involved in host resistance to infection through regulation of IFN-g (248).

However, the necessity of the TH2 response to clear S. aureus infection was

questioned in a 1999 study utilizing IL-4-deficient mice (249). It seems that a

TH2 response is only required for S. aureus infection clearance in certain mice,

depending upon their genetic background. Therefore, the exact role of T cells in

host tissue damage and infection clearance is still being elucidated.

Under most circumstances, the host is able to mount a protective inflam-

matory response that contains the invading pathogen and resolves the infection.

However, when the infection is not quickly cleared by the host, the potent

activation of the immune response with the associated high levels of cytokines

and reactive oxygen species leads to joint destruction. High cytokine concentra-

tions increase the release of host matrix metalloproteinases (including stromelysin

and gelatinase A=B) and other collagen degrading enzymes. When monoclonal

antibodies or steroids attenuate these cytokines, cartilage degradation is mini-

mized. The joint is further damaged by the release of lysosomal enzymes and

bacterial toxins (258). Host proteoglycan degradation is initiated, followed by

collagen degradation. In fact, the polymorphonuclear response with subsequent

release of these proteolytic enzymes can lead to permanent destruction of intra-

articular cartilage and subchondral bone loss in as little as 3 days. Metallopro-

teinases and the antigen-induced inflammatory response may persist and continue

to damage the joint architecture even after the infection has been cleared

(259,260). The infectious process induces a joint effusion that increases intra-

articular pressure, mechanically impeding blood and nutrient supply to the joint.

Thus, increased pressure destroys the synovia and cartilage. Because of the

proximity of the epiphyseal growth plate to the joint, direct extension of a joint

infection to any of the articulating bones may lead to decreased bone growth in

infants and children (261,262). While bone mineralization is preserved, cartilage

destruction causes joint space narrowing and erosive damage to the cartilage and

bone if left untreated (263). In addition, the infection can spread to surrounding

soft tissue, form sinus tracts, and disrupt ligaments and tendons in the untreated

patient (264).

The interaction of the bacteria and host is of the utmost importance in the

initiation and prolongation of infection and cartilage damage. There is a subtle

balance between an effective immune response to eliminate the infecting organ-

ism from the host and the overactivation of this response that causes the majority

of infection-related joint destruction. Therefore, care must be exercised and

further studies must be performed in regard to using agents that suppress the

inflammatory response in the treatment of septic arthritis.
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J. Case Example of Normal Immune Responses in
Neisseria gonorrhoeae Septic Arthritis

Gonococcal arthritis occurs in approximately 42%–85% of patients suffering

from disseminated gonococcal infection (DGI) and begins with a localized

mucosal infection (31,265). DGI-producing strains are unusually sensitive to

the in vitro killing of penicillin G and possess unique nutritional requirements for

arginine, hypoxanthine, and uracil. N. gonorrhoeae possesses a number of

virulence factors. It is the combined effects of these factors, their phase and

antigenic variation, and properties of the host immune response that enable this

pathogen to persist and localized infection to become DGI.

The host may contain a gonococcal infection through the action of the

innate immune response with particular dependence upon the complement

system. This system is largely responsible for attracting polymorphonuclear

leukocytes and the resulting cascade of inflammatory cytokines and chemokines.

However, during periods surrounding early pregnancy, puerperium, and

menstruation, the accompanying alterations in vaginal pH, cervical mucus, and

genital flora and the endometrium exposure of submucosal vessels may predis-

pose the female patient to N. gonorrhoeae invasion and DGI (31,164). Defects in

the complement and=or reticuloendothelial systems may also inhibit the host’s

ability to prevent gonococcal MSI.

IV. SOURCE OF THE INFECTING ORGANISM AND THE
DEVELOPMENT OF MUSCULOSKELETAL INFECTIONS

The source of infection is extremely important in the development of MSIs since

it determines the type of infecting microbial species, the compartment to which

the organism is delivered, and the size of the microbial inocula. As previously

mentioned, S. aureus is able to cause MSIs derived from multiple sources, often

independently of host factors or point of entry considerations, because of this

species’s vast array of virulence factors. However, many other seemingly

‘‘nonpathogenic’’ microbial species are only able to produce MSIs when

delivered in high concentrations to specific musculoskeletal sites. These oppor-

tunistic pathogens depend upon high inoculation numbers and=or host defects to
cause disease.

MSIs can result from hematogenous seeding or direct seeding. When

infecting microbes are derived from transient bacteremia, this infection is usually

monomicrobic with S. aureus predominating. However, host defects and the large

inoculum size delivered directly into the bloodstream enable P. aeruginosa and

Serratia marcescens to cause many MSIs in the intravenous drug user (2,266).

Also, exotic isolates including fungi, mycoplasmas, and anaerobes can be found
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in compromised patients. The pathogenic microbes can also cause infection by

gaining entry to the circulatory system from a distal focus of infection. These

types of infections are heavily dependent upon the ability of the microbe to cause

an initial infection, enter the blood, avoid immune clearance, and colonize and

infect another area. One example of this type of infection is the development of

gonococcal septic arthritis after N. gonorrhoeae urogenital infection and DGI. In

0.5% to 3% of gonorrhea infections, the pathogen is able to gain access to the

bloodstream from the primary mucosal site of infections and produce dissemi-

nated gonococcal infection (31,267,268). A number of risk factors have been

epidemiologically associated with the development of DGI (Table 3). Females are

four times more likely to have DGI than males (265). This prevalence in women

may be due to the asymptomatic nature of gonorrhea infections in women and the

associated delay in diagnosis, thereby providing time for the bacteria to gain

access to the bloodstream. In addition, a high percentage of affected females are

either pregnant or menstruating at the time of the infection (31). Also, since the

clearance of gonococcal infection depends upon an effective complement

mediated immunity and a functional reticuloendothelial system, complement

deficiencies and systemic lupus erythematosus are risk factors in this patient

subset. In addition, some cases of secondary hematogenous MSIs may arise after

the dissemination of S. aureus from an endocarditis source or after cases of

infectious diarrhea by Shigella spp., Salmonella spp., Campylobacter spp., or

Yersinia spp. (27). A rare form of migrating polyarthritis may be caused by

Streptobacillus moniliformis. In addition, the dissemination of Borrelia burgdor-

feri (the causal microbial agent in Lyme disease) from the initial tick bite and

infection may cause MSIs.

MSIs can also be caused by direct microbial seeding of the bone or joint.

For example, a direct extension of a contiguous focus of infection enables

microbes to be seeded into the bone or joint from adjacent soft tissue infections

(e.g., diabetic foot infections). In these cases, the multiple species of seeded

Table 3 Risk Factors for Disseminated Gonococcal Infection

Infection with transparent, piliated N. gonorrhoeae strains capable of phase variation

Diagnosis delay (especially in females, because of asymptomatic nature on the infection)

Complement system deficiency

Systemic lupus erythematosus

Menstruation, pregnancy, and puerperium

Male homosexuality

Urban residence

Promiscuity

Low socioeconomic and educational status
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microbes exist in a compromised host environment that allows their persistence,

growth, and dissemination. Therefore, these types of infections are usually

polymicrobic, and although staphylococcal species predominate, Enterococcus

spp., Proteus mirabilis, Peptostreptococcus spp., diphtheroids, P. aeruginosa, and

Bacteroides spp. are also found in sizable proportions of infected patients.

Direct seeding of organisms may also occur during invasive surgical

procedures, such as total hip or total knee arthroplasties. If introduced during

surgery, the most common contaminating bacterial species is S. epidermidis since

it is a part of the resident skin flora and may find its way from the skin of the

patient or health care provider to the surgical wound. In addition, the clotted

blood, dead space, and compromised soft tissues of a surgical site make a medium

perfect for bacterial proliferation once the wound has been colonized.

Trauma is the last source of direct microbial seeding. Trauma can take the

form of a penetrating wound such as a stab wound or an animal or human bite. In

these cases, the penetrating foreign object both generates a pocket of clotted

blood and compromised soft tissue and carries microbes into these deep areas.

Osteomyelitis or infectious arthritis may develop, depending upon the inoculum

size, health of the host, and introduced microbe. Trauma can also take the form of

seeding during open fracture. Under these infection conditions, rare species (e.g.,

Pasteurella multocida) may be isolated.

V. CONCLUSIONS

The reason why certain bacteria cause MSIs is dependent upon a clinical triad

that includes the properties of the infecting microbial species, properties of the

host, and source of the infection. Although S. aureus is the most commonly

isolated bacterial species in cases of musculoskeletal infection, virtually every

microbial species has been reported as the causal pathogen. The dominance of S.

aureus in these types of infections may be explained by its wide variety of

virulence products. Staphylococcal products that have a role in infection may be

classified as virulence factors responsible for adherence, direct host damage, or

immunoavoidance. There are also a number of enzymes and extracellular proteins

that may or may not have a role in virulence. The expression of these factors is

regulated throughout the various stages of infection through quorum sensing and

environmental cues. However, defects in the host or a large organism inoculum is

required for most other microbial species, such as the quintessential opportunistic

pathogen P. aeruginosa, to cause a musculoskeletal infection. The localization of

many MSIs within specific sites of the host is due to the vascular architecture of

these sites. In addition, any systemic or local factor of the host that affects

immune surveillance, metabolism, and local vascularity reduces the ability of the

host to resolve the infection and may result in the development of MSIs. Finally,
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the source of infection is extremely important in the development of MSIs since it

determines the type of infecting microbial species, the compartment to which the

organism is delivered, and the size of the microbial inocula. When these three

facets of the clinical triad are taken into consideration, clues to the occurrence,

type, severity, and clinical prognosis of bone and joint infections may be

ascertained.
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2
Staging and Staging Application
in Osteomyelitis

Jon T. Mader{ and Jason H. Calhoun
University of Texas Medical Branch, Galveston, Texas, U.S.A.

I. INTRODUCTION: STAGING

Osteomyelitis can be classified by duration, pathogenesis, location, extent, and

host status. There is no universally accepted classification system for osteo-

myelitis, although a number of classifications have been suggested to help guide

therapy and to allow for comparison of published results.

The first osteomyelitis staging system was described in 1970 by Waldvogel

(1). He described three categories of osteomyelitis: hematogenous, contiguous

focus, and osteomyelitis associated with vascular insufficiency (1). Hematogen-

ous osteomyelitis is predominantly encountered in the pediatric population: 85%

of cases occur in patients younger than 17 years of age. In children, the bone

infection usually affects the long bones, whereas in adults the lesion is usually

located in the thoracic or lumbar vertebrae. Hematogenous osteomyelitis is more

common in males of any age (2).

Osteomyelitis secondary to a contiguous focus of infection can derive from

either a direct infection of bone from a source outside the body (i.e., soft tissue

trauma, open fracture, or surgery) or the continuous spread of infection from an

adjacent focus (i.e., soft tissue infection, dental abscess, or decubitus ulcer). In

age distribution, contiguous focus osteomyelitis is biphasic. The infection occurs

in younger individuals secondary to trauma and related surgery and in older

adults secondary to decubitus ulcers and infected joint arthroplasties (1).
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Osteomyelitis associated with vascular insufficiency is usually seen in

individuals with diabetes mellitus. Of the 31 patients in Waldvogel’s study with

this form of osteomyelitis, 25 were diabetic, 5 had severe atherosclerosis not

related to diabetes, and 1 had vasculitis secondary to rheumatoid arthritis (1). All

of the infections affected the toes, metatarsals, tarsals, or hindfoot. The patients in

this group ranged between 40 and 70 years of age.

Of all classification systems, that of Waldvogel remains the major classi-

fication system for osteomyelitis. However, that classification is an etiological

classification system and does not readily lend itself to guiding surgical or

antibiotic therapy. Other classification systems have been developed to emphasize

different clinical aspects of osteomyelitis.

Ger’s classification system, published in 1977, addresses the physiological

characteristics of the wound as they relate to osteomyelitis. His categories include

simple sinus, chronic superficial ulcer, multiple sinuses, and multiple skin-lined

sinuses (3). If the wound is not appropriately managed, the bone infection cannot

be arrested. Early coverage of open tibial fractures with soft tissue prevents the

later development of osteomyelitis, ulceration, and, perhaps, nonunion.

Kelly’s classification system was published in 1984 (4). Kelly noted that

osteomyelitis in the adult can be divided into four categories: hematogenous

osteomyelitis, osteomyelitis in a united fracture (fracture with union), osteomye-

litis in a nonunion (fracture with nonunion), and postoperative osteomyelitis

without fracture (4). Kelly’s classification system emphasizes the cause of the

infection and its relationship to fracture healing.

In 1984, Weilan and colleagues defined chronic osteomyelitis as a wound with

exposed bone, positive bone culture, findings and drainage for more than 6 months

(5). A similar wound with drainage of less than 6 months in duration was not

considered to be a site of chronic osteomyelitis. They further divided the infection

on the basis of soft tissue and the location of bone involved. Type I osteomyelitis

was defined as open, exposed bone without evidence of osseous infection but with

evidence of soft tissue infection. Type II osteomyelitis showed circumferential,

cortical, and endosteal infection. The radiographs demonstrated a diffuse inflam-

matory response, increased bone density, and spindle-shaped sclerotic thickening of

the cortex. Other radiographic findings included areas of bony resorption and often

a sequestrum with a surrounding involucrum. Type Ill osteomyelitis revealed

cortical and endosteal infection associated with a segmental bone defect.

Gordon and Chin’s classification of osteomyelitis was published in 1988

(6). The researchers classified infected tibial nonunions and segmental defects on

the basis of the osseus defects. Type A includes tibial defects and nonunions

without significant segmental loss. Type B includes tibial defects greater than

3 cm with an intact fibula. Type C includes tibial defects of greater than 3 cm in

patients whose fibula was not intact. Gordon and Chin’s classification correlates

with the prognosis for successful free muscle transportation.
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May and associates’ system of classification, published in 1989 (7), focuses

on the status of the tibia after soft tissue and skeletal débridement. The system is

useful in determining the length of rehabilitation that will be needed, under ideal

conditions, before the patient will be able to ambulate without upper extremity

aids. Type I osteomyelitis is defined as an intact tibia and fibula capable of

withstanding functional loads (rehabilitation time of 6 to 12 weeks). Type II

osteomyelitis involves an intact tibia with bone graft only needed for structural

support (rehabilitation time of 3 to 6 months). Type III osteomyelitis involves a

tibial defect 6 cm long or less with an intact fibula (rehabilitation time of 6 to 12

months). Type IV has a tibial defect greater than 6 cm and an intact fibula

rehabilitation time of 12 to 18 months). Type V osteomyelitis has tibial defect

greater than 6 cm long with no usable intact fibula (rehabilitation time of 18

months or more). May and coworkers’ classification system and the estimated

time for rehabilitation assist the decision making process involved in the

treatment of post-traumatic tibial osteomyelitis. However, many factors, including

age, metabolic status, mobility of the patient’s foot and ankle, neurovascular

integrity, and patient’s motivation, can greatly affect the time necessary for

rehabilitation.

The Cierny-Mader classification (Table 1), published in 1984, is based on

the anatomical characteristics of the bone infection and the physiological

characteristics of the host (8). Cierny-Mader staging allows stratification of

long bone osteomyelitis and permits the development of comprehensive treatment

guidelines for each of the 12 stages.

The classification is determined by the condition of the disease process

regardless of its cause, regionality, or chronicity. The anatomical types of

osteomyelitis are medullary, superficial, localized, and diffuse (8). Stage 1, or

medullary, osteomyelitis denotes infection confined to the intramedullary surfaces

of the bone. Hematogenous osteomyelitis and infected intramedullary rods are

examples of this anatomical type. Stage 2, or superficial, osteomyelitis, a true

contiguous focus infection of bone, occurs when an exposed infected necrotic

surface of bone lies at the base of a soft tissue wound. Stage 3, or localized,

osteomyelitis is usually characterized by a full-thickness cortical sequestration

that can be removed surgically without compromising bony stability. Stage 4, or

diffuse, osteomyelitis is a through-and-through process that usually requires an

intercalary resection of the bone to arrest the disease process. Diffuse osteomye-

litis includes those infections with a loss of bony stability either before or after

débridement surgery.

The patient is classified as an A, B, or C host (Table 1). An A host

represents a patient with normal physiological, metabolic, and immunological

capabilities (8). The B host is either systemically compromised, locally compro-

mised, or both. When the morbidity of treatment is worse than that imposed by

the disease itself, the patient is given the C host classification. The terms acute

Staging in Osteomyelitis 65



and chronic osteomyelitis are not used in this staging system since areas of

macronecrosis must be removed regardless of the acuity or chronicity of an

uncontrolled infection. The stages are dynamic and interact according to the

pathophysiological characteristics of the disease. They may be altered by

Table 1 The Cierny-Mader Staging Systema

Anatomical type

Stage 1: medullary osteomyelitis

Stage 2: superficial osteomyelitis

Stage 3: localized osteomyelitis

Stage 4: diffuse osteomyelitis

Physiological class

A Host: normal host

B Host:

Systemic compromise (Bs)

Local compromise (Bl)

Systemic and local compromise (Bls)

C Host: Treatment worse than disease

Systemic or local factors that affect immune surveillance, metabolism, and local

vascularity

Systemic (Bs)

Malnutrition

Renal, hepatic failure

Diabetes mellitus

Chronic hypoxia

Immune disease

Malignancy

Extremes of age

Immunosuppression or immune deficiency

Local (Bl)

Chronic lymphedema

Venous stasis

Major vessel compromise

Arteritis

Extensive scarring

Radiation fibrosis

Small vessel disease

Neuropathy

Tobacco abuse [�two packs per day]

a Bs, B-host, systemic compromise.

Bl, B-host, local compromise.

Bls, B-host, local and systemic compromise.
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successful therapy, host alteration, or treatment. This classification system aids in

the understanding, diagnosis, and treatment of bone infections in children and

adults.

Host factors are primarily involved with containment of the infection once

it is introduced adjacent to or into the bone (8). A systemically and=or locally
compromised host does not contain the infection as well as a normal host, and the

infection may permeate the bone. The compromised host is more difficult to

manage and treat than a normal host. On occasion, host factors may predispose

the host to the development of osteomyelitis. These diseases include sickle cell

anaemia, chronic granulomatous disease, and diabetes mellitus (9). Host defi-

ciencies that lead to bacteremia favor the development of stage 1 osteomyelitis.

II. APPLICATION OF STAGING: CIERNY-MADER
CLASSIFICATION

All of the staging systems described have obvious merits. Since the Cierny-Mader

staging allows stratification of long bone osteomyelitis and permits the develop-

ment of comprehensive treatment guidelines for each stage, the Cierny-Mader

classification is used as a model for a discussion of the diagnosis and treatment of

long bone osteomyelitis.

A. Diagnosis

The diagnosis of long bone osteomyelitis rests on the isolation of the pathogen(s)

from the bone lesion, blood, or joint cultures (10). In hematogenous osteomyelitis

(stage 1), positive blood or joint culture results can often obviate the need for

a bone biopsy when there is radiographic or radionuclide scan evidence of

osteomyelitis.

Thus, except in stage 1 osteomyelitis, in which positive blood or joint fluid

culture results may suffice, antibiotic treatment of osteomyelitis should be based

on meticulous bone cultures taken at débridement surgery or from deep bone

biopsy specimens (11,12). If possible, cultures should be obtained before

antibiotics are initiated or after the patient has been off antibiotic therapy for at

least 24 to 48 hours. Sinus tract cultures are not reliable for predicting organisms

other than Staphylococcus aureus as a cause of osteomyelitis (13). S. aureus and

coagulase-negative Staphylococcus sp. are the most common organisms isolated

from patients with osteomyelitis. In the immunocompromised patient the physi-

cian must also consider other organisms including fungi and mycobacteria.

Leukergy, sedimentation rates, C-reactive protein level, and leukocyte

counts are frequently elevated before therapy in the acute disease (14–16). The

white blood cell count rarely exceeds 15,000=mm3 in acute osteomyelitis, and the
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leukocyte count is usually normal in patients with chronic osteomyelitis. The

sedimentation rates, C-reactive protein level, and leukocyte counts may fall with

appropriate therapy; however, these values may be elevated after each débride-

ment surgery. A sedimentation rate and C-reactive protein level that return to

normal during the course of therapy are favorable prognostic signs. However,

these laboratory determinations are not reliable in the compromised host, as these

patients are constantly challenged by minor illnesses and peripheral inflammatory

lesions that may elevate these indices.

Radiographic changes in early stage 1 osteomyelitis are often difficult to

interpret and lag at least 2 weeks behind the evolution of infection (17). The

earliest radiographic changes are soft tissue swelling, periosteal thickening or

elevation or both, and focal osteopenia. These findings are subtle and may be

missed. The more diagnostic lytic changes are delayed and often associated with

an indolent infection of several months’ duration. Later, when the patient is

undergoing appropriate antimicrobial therapy, radiographic improvement may lag

behind clinical recovery. In superficial osteomyelitis (stage 2), the outer cortex of

the bone is involved. There may be periosteal thickening or sclerosis. In localized

(stage 3) and diffuse (stage 4) osteomyelitis, the radiographic changes usually

show soft tissue swelling, osteopenia, lytic changes, and sclerosis. Small and

large sequestrum may also be present. Because of the degree of the sclerosis and

nonspecific radiographic changes, it is often difficult to gauge the extent of

infection by visualizing the radiograph. Gauging the extent of infection may

require careful clinical and, ultimately, surgical evaluation. In stage 4 osteomye-

litis, it is often difficult to distinguish an infected nonunion from one that is not

infected.

Radionuclide scans (18,19), computed tomography (20,21), or magnetic

resonance imaging (22,23) may be done when the diagnosis of osteomyelitis is

equivocal or to help gauge the extent of bone and soft tissue infection. In general,

it is not usually necessary to obtain these scans for long bone osteomyelitis.

B. Treatment

Appropriate therapy of osteomyelitis includes adequate drainage, thorough

débridement, obliteration of dead space, wound protection, and specific anti-

microbial coverage (10,11). If the patient is a compromised host, an effort is made

to correct or improve the host defect(s) (Table 2). In particular, attention should

be paid to good nutrition and to a smoking cessation program along with dealing

with specific abnormalities such as control of diabetes. Thus, an attempt is made

to improve the nutritional, medical, and vascular status of the patient and to

provide optimal care for any underlying disease.
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1. Antibiotic management

After cultures are obtained, a parenteral antimicrobial regimen is begun to cover

the clinically suspected pathogens. Once the organism is identified, specific

antibiotic(s) class(es) can be selected by appropriate sensitivity methods (24).

Because of the need for prolonged therapy, antibiotics used in the treatment of

bone and joint infection must be nontoxic, convenient to administer, and cost-

effective.

Stage 1 osteomyelitis in children usually can be treated with antibiotics

alone. Antibiotic therapy alone is possible because bones of children are very

vascular and have an effective immune and metabolic response to infection. Stage

1 osteomyelitis in adults is more refractory to therapy and is usually treated with

antibiotics and surgery. The patient is treated for 6 weeks with appropriate

parenteral and oral antimicrobial therapy, dated from the initiation of therapy or

after the last major débridement surgery. If the initial medical management fails

and the patient is clinically compromised by a recurrent infection, medullary

and=or soft tissue débridement is necessary in conjunction with another 4-week

course of antibiotics.

Stage 1 osteomyelitis may be due to an infected intramedullary rod. If the

bone is stable, the rod can be removed. The patient is given a 4-week course of

antibiotics dated from rod removal. If the bone is unstable, the patient is placed on

Table 2 Patient Management: Methods of Host Alteration

Patient education: no smoking

Nutritional supplementation

Alcohol abuse

Diabetes mellitus

Immune compromise

Malnutrition

Renal=hepatic failure

Hyperbaric oxygen: Cierny-Mader 3–4 Bl, poor granulation beds, refractorya

osteomyelitis

Special considerations

Chemical suppression: discontinue or alter medications

Diabetes mellitus: tight blood glucose control

Local compromise: pressure garments, local or microvascular tissue transfers

Major vessel disease: arterial bypass surgery

Pressure sores: force distribution

Sepsis–toxicity: emergency decompression or drainage

a B1, B-host, local compromise.
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suppressive oral antibiotic therapy until bony stability is achieved. Once stability

is obtained, the rod is removed and the patient is given a 6-week course of

patenteral and oral antibiotics dated from rod removal.

Oral antibiotic therapy can be utilized for treatment of osteomyelitis.

However, it is recommended that the patient initially receive 2 weeks of parenteral

antibiotic therapy prior to changing to an oral regimen (25,26). High doses of the

quinolone class of antibiotics have been reported to cause articular cartilage

damage in young animals, generating some concern about the long-term use of

these agents in infants and children (27,28). Therefore, under most circum-

stances, pediatric patients should not be given the quinolone class of antibiotics.

Oral quinolone therapy is widely used in the treatment of adult osteomyelitis.

In stage 2 osteomyelitis, the patient may be treated with a 2-week course of

antibiotics after superficial débridement and soft tissue coverage. The arrest rate is

approximately 80%.

In stages 3 and 4 osteomyelitis, the patient is traditionally treated with 6

weeks of parenteral and antimicrobial therapy dated from the last major débride-

ment surgery (10,11). Without adequate débridement most antibiotic regimens

fail regardless of the duration of therapy. Even when all necrotic tissue has been

adequately débrided, the remaining bed of tissue must be considered contami-

nated with the responsible pathogen(s). Therefore, it is important to treat the

patient for at least four weeks with antibiotics. With good débridement surgery,

the arrest rate is approximately 90%. Outpatient intravenous therapy using

peripherally inserted central catheter (PICC) lines or long-term intravenous

access catheters, such as Hickman or Groshong catheters, decreases hospitaliza-

tion time (29–31).

Oral therapy using quinolones for gram-negative organisms is currently

being used in adult patients with osteomyelitis (32–34). The second-generation

quinolones (ciprofloxacin, ofloxacin) have poor activity against Streptococcus

sp., Enterococcus sp., and anaerobic bacteria (35). The third-generation (levo-

floxacin, gatifloxacin) quinolones have excellent Streptococcus sp. activity, but

minimal anaerobic coverage (36). The fourth-generation (trovafloxacin mesylate)

quinolone has excellent Streptococcus sp. and anaerobic organism coverage

(36,37). Trovafloxacin has been found to produce severe liver toxicity in a

small number of patients and is only used for inpatient treatment. None of the

quinolones has reliable Enterococcus sp. coverage. The current quinolones have

variable S. aureus and S. epidermidis coverage, and resistance to the second-

generation quinolones is increasing (38). Polymicrobic coverage of methicillin-

sensitive S. aureus should be obtained with another oral antibiotic such as

clindamycin or ampicillin-sulbactam (Unasyn). Before changing to an oral

regimen, it is recommended that the patient initially receive 2 weeks of parenteral

antibiotic therapy and that the organism(s) be sensitive to the oral regimen. The

patient must be compliant and have close outpatient follow-up.

70 Mader and Calhoun



A combination of parenteral and oral antibiotics has been used in some

situations. Methicillin-sensitive and methicillin-resistant S. aureus osteomyelitis

have been successfully treated with semisynthetic penicillin-rifampin and vanco-

mycin-rifampin, respectively (39).

Streamlining from parenteral to oral therapy may be an effective alternative

strategy for the treatment of osteomyelitis in adults. In a historical control study,

Swiontkowski and associates (40) gave 5 to 7 days of parenteral therapy followed

by 6 weeks of oral therapy. Treatment was successful in 91% of these patients. In

a randomized study, Shirtliff and colleagues (41) gave 4 weeks of parenteral

antibiotic therapy versus 2 weeks of parenteral therapy followed by 4 weeks of

oral antibiotic therapy for the treatment of patients with long bone osteomyelitis.

The patients who received parenteral antibiotic therapy had an arrest rate of

84.3%. In the parenteral-to-oral antibiotic therapy group the arrest rate was

89.5%. Before changing to an oral regimen, an initial parenteral antibiotic therapy

for at least 6 weeks is recommended. Additionally, the patient must be compliant

and agree to close outpatient follow-up.

2. Surgical management

Surgical management of osteomyelitis can be very challenging. The principles of

treating any infection are equally applicable to the treatment of infection in bone.

These include adequate drainage, extensive débridement of all necrotic tissue,

obliteration of dead spaces, stabilization, and adequate soft tissue coverage and

restoration of an effective blood supply (10). The goal of débridement is to leave

healthy, viable tissue. However, even when all necrotic tissue has been adequately

débrided, the remaining bed of tissue must be considered contaminated with the

responsible organism. The challenge in treating osteomyelitis, as compared to

infection of soft tissue alone, involves bone débridement.

Débridement surgery is the foundation of osteomyelitis treatment. Débride-

ment should be direct, atraumatic, and executed with reconstruction in mind. All

dead or ischemic hard and soft tissue is excised unless a noncurative procedure

has been chosen. If complete excision threatens bone stability, external fixation

may be necessary before or during débridement surgery. At débridement, surgical

excision of the bone is carried down to uniform Haversian or cancellous bleeding,

termed the paprika sign (8).

Adequate débridement may leave a large bony defects or dead space.

Appropriate management of dead space created by débridement surgery is

mandatory in order to arrest the disease and maintain the integrity of the skeletal

part. The goal of dead space management is to replace dead bone and scar tissue

with durable vascularized tissue. Complete wound closure should be attained

whenever possible. Suction irrigation systems are not recommended because of
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the high incidence of associated nosocomial infections and the unreliability of

these setups (42,43). Secondary intention healing is discouraged since the scar

tissue that fills the defect may later become avascular.

Local tissue flaps or free flaps may be used to fill dead space (44–46). An

alternative technique is to place cancellous bone grafts beneath local or transferred

tissues where structural augmentation is necessary. Careful preoperative planning

is critical to the conservation of the patient’s limited canellous bone reserves. Open

cancellous grafts without soft tissue coverage are useful when a free tissue transfer

is not a treatment option and local tissue flaps are inadequate (47).

Antibiotic-impregnated acrylic beads may be used to sterilize and tempora-

rily maintain dead space (48–51). The beads are usually removed within 2 to 4

weeks and replaced with a cancellous bone graft. The most commonly used

antibiotics in beads are vancomycin, tobramycin, and gentamicin. Local delivery

of antibiotics (amikacin, clindamycin) into dead space has been achieved with an

implantable pump (52).

If movement is present at the site of infection, measures must be taken to

achieve permanent stability of the skeletal unit. Stability may be achieved with

plates, screws, rods, and=or an external fixator. External fixation is preferred to

internal because of the tendency of medulllary rods to become secondarily

infected and to spread the extent of the infection.

The Ilizarov external fixator allows bone reconstruction of segmental

defects and difficult infected nonunions (53). This external fixation method

utilizes the theory of distraction histogenesis, whereby bone is fractured in the

metaphyseal region and slowly lengthened. The growth of new bone in the

metaphyseal region pushes a segment of healthy bone into the defect left by

surgery. The Ilizarov technique is used for difficult cases of osteomyelitis when

stabilization and bone lengthening are necessary (54). The method may also be

used to compress nonunions and correct malunions. The technique is labor

intensive and requires an extended period of treatment averaging 9 months in the

device. The Ilizarov pins usually become infected and the device is painful. The

Ilizarov is commonly used in a small group of patients for reconstruction of

difficult deformities that result from osteomyelitis. The Ilizarov external fixation

method is utilized by most tertiary care hospitals.

Infected pseudarthrosis with segmental osseous defects may also be treated

by débridement and microvascular bone transfers (55). Vascularized bone transfer

is a useful procedure for the treatment of infected segmental osseous defects of

long bones of more than 3 cm in length. Vascularized bone transfers can be placed

after 1 month of inactive sepsis.

Adequate soft tissue coverage of the bone is necessary to arrest osteomye-

litis. Small soft tissue defects may be covered with a split-thickness skin graft. In

the presence of a large soft tissue defect or with an inadequate soft tissue

envelope, local muscle flaps and free vascularized muscle flaps may be placed in

a one-or two-stage procedure (56). Local and free muscle flaps, when combined
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with antibiotics and surgical débridement of all nonviable osseous and soft tissue

for chronic osteomyelitis, have a success rate ranging from 66% to 100% (57).

Local muscle flaps and free vascularized muscle transfers improve the local

biological environment by introducing a blood supply important in host defense

mechanisms, antibiotic delivery, and osseous and soft tissue healing.

The Cierny-Mader classification of osteomyelitis not only stratifies the

disease and host condition, but also provides guidelines for the surgical manage-

ment of the disease. In medullary osteomyelitis (stage 1), the nidus of infection is

entirely within the medullary canal of the bone. It usually is caused by blood-

borne bacteria or the introduction of surgical hardware such as an intramedullary

nail. Because of the location, surgical treatment is usually more straightforward

than in other types of bone involvement. In pediatric patients without hardware,

surgical therapy is usually not necessary. In adults with primary or secondary

stage 1 osteomyelitis, thorough intramedullary reaming and unroofing are usually

done with or without bone grafting. Soft tissues are reapproximated and the limb

is protected by external means (brace or cast) until structural integrity of the bone

is re-established by normal remodeling.

In superficial osteomyelitis (stage 2), the surface of the bone is exposed

because of an overlying soft tissue defect. The superficial cortex becomes

involved with the infection and eventually becomes sequestered (stage 3

progression) if treatment is delayed. The most important aspect of treatment is

soft tissue coverage after adequate débridement to bleeding cortex. This may be a

simple problem involving local tissue, or it may require free tissue transfer.

Localized osteomyelitis (stage 3) combines the problems of both stages 1

and 2. The treatment involves the modalities employed for both of these

categories of disease. Bone is sequestered, medullary extension of the infection

is common, and major soft tissue defects may be present. These patients may

require external fixation for structural support while the bone graft incorporates

into normal bone. Complex reconstruction of both bone and soft tissue is

frequently necessary.

Diffuse osteomyelitis (stage 4) combines the problems of stages 1, 2, and 3.

Instability is a problem before or after surgery. Therefore, treatment often must be

directed to establishing structural stability and obliterating débridement gaps by

means of cancellous bone grafts or the Ilizarov technique. Free flaps and

vascularized bone grafts are other possible treatment modalities. All of the

modalities previously discussed may have a place in the treatment of diffuse

osteomyelitis.

III. SUMMARY

Long bone osteomyelitis is traditionally staged by the Waldvogel classification

system, an etiological system that does not readily lend itself to guiding surgical
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or antibiotic therapy. As a result, classifications have been developed to

emphasize different clinical aspects of osteomyelitis. These classifications include

those of Kelly, Weiland and associates, Ger, Gordon and Chiu, May and

coworkers, and Cierny and associates. Most of these systems apply to osteomye-

litis at any site, but the Gordon and Chiu and May and colleagues systems are

limited to tibial disease. The Cierny-Mader classification is based on the

anatomical characteristics of bone infection and the physiological characteristics

of the host; the classification permits the development of comprehensive treat-

ment guideline for each stage.
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I. INTRODUCTION

Osteomyelitis in immunocompromised hosts is associated with poor prognosis

and high rates of morbidity and mortality. The immunocompromised state

comprises a variety of conditions, including congenital and acquired immuno-

deficiency and underlying disease. Immunocompromised patients usually have

impaired humoral- or cellular-mediated immunity secondary to disorders such as

poorly controlled diabetes mellitus, end-stage renal disease, acquired immuno-

deficiency syndrome (AIDS), sickle cell or aplastic anemia, and iatrogenic

immunosuppression in organ transplantation, vasculitis, or malignancy. Human

immunodeficiency virus disease and increasing success in transplantation medi-

cine, cancer therapy, and rheumatological therapy have contributed to the

increased prevalence of immunocompromise in the general population. Predi-

cated on the underlying immune system defect, many diverse microbes, including

those handled routinely by the immunocompetent host, can become pathogens.

Orthopedic physicians should develop a systematic approach for patients

with compromised immune systems who have soft tissue and bone and joint

infections. The approach should include historical and physical findings pertinent
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to these patients, with attention to details that are atypical or specific to the

immunocompromised state: a diagnostic work-up applicable to most patients with

immune system dysfunction, a knowledge of common clinical scenarios of

immunosuppression, focusing on unique presentations, and treatment strategies

that include disposition options.

II. OVERVIEW OF THE IMMUNE SYSTEM

The immune system is a complex, multisystem network that protects the human

body from pathogenic invasion by microorganisms and tumors (1,2). When part

of the immune system functions in a compromised state, infectious complications

can be sudden and fulminant, or even fatal. A defect at one site in the system can

elicit dysfunction throughout the whole system.

The first-line host defenses against microorganisms consist of various

physical barriers such as skin, mucosa, secretory substances, and normal flora.

The complexity of the system increases greatly at the level of cellular and

molecular defenses. The principal components of the adaptive immune responses

are T and B lymphocytes. B cells produce immunoglobulins that are critical for

phagocytosis, bind to bacterial toxins, and prohibit microorganism entry from

respiratory and alimentary tracts. T cells are the primary effectors of cell-

mediated immunity. Subsets of T cells become cytotoxic killer cells able to

lyse infected host cells or foreign cells.

Other T cells regulate a host of immune responses by producing cytokines,

such as interferon-g (IFN), tumor necrosis factor (TNF), and granulocyte colony-

stimulating factor (G-CSF), that activate and modulate macrophages, B lympho-

cytes, and other T lymphocytes. Phagocytic cells ingest and destroy bacteria,

fungi, and some large viruses; they also serve as activation centers for other

components of the immune response. Phagocytic cells are either fixed or mobile

and are widely distributed throughout the body. Mobile cells include granulocytes

and monocytes. Fixed cells are primarily macrophages, including some specia-

lized types, such as alveolar cells, Kupffer’s cells, and spleen and lymph node

histiocytes. The spleen provides a site for the phagocytosis of intravascular

pathogens and for the initial antibody synthesis in response to intravenous

antigens. Additional functions include production of humoral factors (comple-

ment proteins and tuftsin) and the coordination of B-cell=T-cell interaction. The
complement cascade and other inflammatory response mediators (e.g., bradyki-

nins and the fibrinolytic system) are also involved in competent immune function

by integrating and accelerating the immune response and recruiting additional

cellular and molecular help.

The activation of the immune system by microorganisms can be summar-

ized as follows: Macrophages ingest and process an antigen. The macrophage

then presents the antigen on its cell membrane surface, along with the additional

protein markers, to a helper lymphocyte (CD4þ). At the same time, the
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macrophage also produces interleukin-1. When presented with this array, the

helper lymphocyte becomes activated; activation, in turn, modulates several

parallel pathways. The helper cell can produce additional cytokines that act on

monocyte-macrophage cells, attracting them to the inflammatory site and allow-

ing them to kill intracellular microbes. The helper cell can also activate B

lymphocytes, facilitating their transformation into immunoglobulin-producing

plasma cells. Granulocytes, attracted by the inflammatory cascade, migrate from

the bloodstream to the site and ingest bacteria opsonized by these immunoglo-

bulins. Finally, the helper cell can activate CD8þ T lymphocytes, transforming

them into cytotoxic cells.

III. OSTEOMYELITIS IN IMMUNOCOMPROMISED PATIENTS

Human disease such as osteomyelitis is a status of interaction between the host

and pathogens. Thus, the final outcome of osteomyelitis is determined by a net

effect of several host factors and pathogens. Infection in bone is very difficult to

eradicate, even in a patient with a normal immune response. In the immuno-

compromised host, the course of osteomyelitis may be altered by host factors that

affect immune surveillance, metabolism, and local vascularity (3). Usually, a

small focus of acute osteomyelitis evolves into chronic disease.

A. Congenital Immune Deficiency and Osteomyelitis

Predisposition to infection as a consequence of either qualitative or quantitative

defects in one or more natural defense mechanisms of the body has long been

recognized. Until the arrival of the acquired immunodeficiency syndrome, the

term immunocompromised host was used almost exclusively to describe infec-

tious complications in a small group of patients with congenital deficiency of the

immune system (Table 1). These patients usually experienced acute osteomyelitis

Table 1 Congenital Immunodeficiency

Congenital immunodeficiency Immune defect

Severe combined immunodeficiency

(SCID)

Decreased serum immune globulin

level

DiGeorge syndrome T-cell deficiency

Common variable immunodeficiency

and selective immunoglobulin A

(IgA) deficiency

IgA deficiency

Chronic granulomatous disease (CGD) Neurophils incapable of making

superoxide; impaired phagocyte

function

Congenital complement deficiencies Complement deficiency
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at a young age. Predicated on the underlying immune system defect, many

diverse microbes, including those handled routinely by the immunocompetent

host, can become pathogens. The common organisms responsible for osteomye-

litis in immunocompromised patients are listed in Table 2. The immunological

diagnosis is suggested by the unusual nature of the organisms isolated and

confirmed by appropriate laboratory studies.

B. Systemic and Local Immunosuppression from an
Underlying Process

A large number of disease processes can cause immune system dysfunction

(Table 3). Malnutrition is well-documented cause of T-cell dysfunction. Globally

depressed immune function after extensive burns or trauma is also well recog-

nized. The discussion that follows highlights some of the diseases more

commonly seen in the patient who has osteomyelitis.

Table 2 Organisms in Musculoskeletal Infection of Immunocompromised Hosts

Organism Common Unusual

Bacterial Staphyloccus aureus Salmonella spp.

Pseudomas auruginosa Clostridium spp.

Streptococcus spp. Nocardia spp.

Enterococcus spp. Actinomyces spp.

Escherichia coli Neisseria gonococcus

Haemophilus influenzae

Fungal Zygomycetes (Apophysomyces

elegans)

Phaeohyphomycosis

Cryptococcosis

Candida spp. Histoplasmosis

Blastomycosis

Coccidioidomycosis

Fusarium spp.

Mycobacterium spp. Atypical Mycobacterium spp., e.g.,

M. marinum,

M. kansasii,

Mycobacterium M. avium complex,

tuberculosis M. fortuitum,

M. chelonae

Others Rickettsia spp.

Pneumocystis carinii

Treponema pallidum
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IV. OSTEOMYELITIS, CONCEPT AND STAGING

Bone infections were originally classified by the system of Waldvogel (4) as

either hematogenous osteomyelitis or osteomyelitis secondary to a contiguous

focus of infection. Contiguous-focus osteomyelitis has been further subdivided

into osteomyelitis with or without vascular insufficiency. Hematogenous and

contiguous-focus osteomyelitis have been further divided into acute or chronic

disease. Acute disease appears as a suppurative infection accompanied by edema,

vascular congestion, and small vessel thrombosis. In early acute disease, the

vascular supply to the bone is compromised by infection extending into the

surrounding soft tissue. When both the medullary and periosteal blood supplies

are compromised, large areas of dead bone (sequestra) may be formed. Within

this necrotic and ischemic tissue, the bacteria may be difficult to eradicate even

after an intense host response, surgery, antibiotic therapy, or all of these.

Clinically, acute osteomyelitis evolves into chronic disease. The hallmarks of

chronic disease are a nidus of infected dead bone or scar tissue, an ischemic soft

tissue envelope, and a refractory clinical course.

Table 3 Immunocompromised States with Underlying Diseases or Conditions and Their

Associated Immune Dysfunction

Acquired immunodeficiency Immune defect

Malnutrition Phagocytic defects=cell-mediated defects=humoral

defects

Diabetics Impaired chemotaxis, phagocytosis, opsonization

Uremia Impaired cell-mediated and humoral immunity

COPD Impaired cell-mediated immunity

Malignancy Impaired cell-mediated and humoral immunity,

neutropenia

Multiple myeloma IgG deficiency

Vasculitis Complement deficiencies=impaired phagocytosis

Corticosteroid and immuno-

suppression

Cell-mediated immunity

Asplenic=Sickle cell Increased susceptibility to encapsulated organism

AIDS=IVDA Lymphopenia and CD4 depletion

Alcoholism with cirrhosis Impaired opsonization, chemotaxis macrophage

dysfunction

Trauma (Burns, multisystem injury) Barrier, humoral deficiency=cell-mediated defects

a COPD, chronic obstructive pulmonary disease; AIDS, acquired immunodeficiency syndrome; IVDA,

intravenous drug abuse; IgG, immunoglobin G.
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An alternative classification system has been developed by Cierny and

Mader (5) (Table 4). This classification takes into consideration the quality of the

host, the anatomical nature of the disease, treatment factors, and prognostic

factors. This staging system combines four anatomical disease types and three

physiological host categories to define 12 distinct clinical stages of osteomyelitis.

Table 4 Cierny-Mader Classification System of Osteomyelitis

Anatomical class

Stage 1: medullary

Stage 2: superficial

Stage 3: localized

Stage 4: diffuse

Physiological class

A host: normal host

B host: systemic compromise (Bs); local compromise (Bl)

C host: treatment worse than disease

Physiological class: systemic or local factors that affect immune surveillance, metabolism,

and local vascularity

Systemic (Bs)a

1Bs. Malnutrition

2Bs. Renal, liver failure

3Bs. Diabetes mellitus

4Bs. Chronic hypoxia

5Bs. Malignancy

6Bs. Extremes of age

7Bs. Immune disease

8Bs. Immunosuppression or immune deficiency

9Bs. Asplenic patients: Functional asplenia and sickle cell disease

10Bs. HIV=AIDS
11Bs. IVDA

12Bs. ETOH

13Bs. Tobacco abuse

Local (Bl)

1Bl. Chronic lymphedema

2B1. Venous stasis

3Bl. Major vessel compromise.

4Bl. Arteritis

5Bl. Extensive scarring

6Bl. Radiation fibrosis

7Bl. Small vessel disease

8Bl. Neuropathy

aHIV, human immunodeficiency virus; AIDS, acquired immunodeficiency virus; IVDA, intravenous

drug abuse; ETOH, Alcohol abuse.
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Stage 1, or medullary osteomyelitis, equates with early hematogenous

osteomyelitis in which the primary lesion is endosteal. Pediatric stage 1 usually

can be treated with antibiotics alone. Adult stage 1 osteomyelitis is usually treated

with cortical unroofing and intramedullary reaming. An infected intramedullary

rod in a stable bone is an example of stage 1 osteomyelitis. In this case, the infected

intramedullary rod must be removed, followed by intramedullary reaming.

In stage 2, or superficial osteomyelitis, the bone infection results from an

adjacent soft tissue infection and represents a true contiguous-focus lesion. An

exposed, infected necrotic outer surface of the bone lies at the base of a soft tissue

wound. Stage 2 osteomyelitis requires superficial débridement and coverage with

a local or microvascular flap.

Stage 3, or localized osteomyelitis, is characterized by full-thickness

cortical sequestration that can be surgically removed without compromising

stability of the infected bone. Stage 3 osteomyelitis requires débridement,

saucerization, and possibly a bone graft to improve stability.

Stage 4, or diffuse osteomyelitis, represents a through-and-through section

of the bone and usually requires segmental resection of the bone. The stage 4

patient may also have bone infection on both sides of a nonunion or a major joint.

Diffuse osteomyelitis includes those infections with a loss of bony stability either

before or after débridement surgery. Stage 4 osteomyelitis requires débridement,

dead space management, and stabilization.

In the Cierny-Mader system, patients are classified as A, B, or C hosts. A

hosts are those patients with normal physiological metabolic, and immunological

capabilities. B hosts are patients who are locally compromised, systematically

compromised, or both. It is important to improve the factors and diseases that

made the patient a B host. The goal of host modification is to make a B host as

much like an A host as possible. The final category, or C host, represents the

patient for whom the treatment of the bone infection is worse than the

osteomyelitis itself.

This staging system has been used to determine optimal treatment protocols

and prognoses and to compare therapy results between institutions. The stages are

dynamic and may be altered by the outcome of therapy or a change in the host’s

status.

A. Systemic Immunocompromised States

1. Malnutrition

The immune system is governed by a large number of influences. Malnutrition

frequently contributes to the immunocompromise seen in hospitalized patients.

Clinical and epidemiological studies have established that malnutrition is a risk

factor for infection (6). Globally, protein-energy malnutrition is the most frequent
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cause of immunodeficiency. Studies document major impairment of the T-cell and

complement systems in severe protein energy malnutrition, and less profound, but

probably significant, effects on B-cells and immunoglobulins, particularly secre-

tory immunoglobulin A (SIgA). Although mild to moderate malnutrition also

alters the T-cell system and may predispose a patient to infection, there is less

evidence to suggest that complement is similarly affected. Many other factors

alter immune responses, including vitamins, calories, and trace minerals.

Nutritional status has a profound impact on the immune function and the

immune system may be modulated by the use of specific modes of nutritional

support. Nutritional support corrects malnutrition and can reverse the associated

immunocompromise. In selected malnourished or severely injured patients, early

nutritional support has been shown to improve outcome and decrease the

incidence of infectious complications after major surgery or trauma (7). Devel-

oping an understanding of nutritional needs and the role of nutrition in immune

function is essential to prevention and treatment of nutrition-related immuno-

compromise. Evidence from 1998 suggests that the route (enteral versus

parenteral) of providing nutritional support can affect immune competence (8).

Intervention trials may show a role of key nutrients in not only maintaining

normal immune competence, but also modulating immunological outcomes in

critically ill patients.

2. End–stage renal disease

Infection remains a leading cause of death in patients with chronic renal failure.

Approximately one-fifth of patients with end-stage renal disease die of bacterial

infection and septicemia (9). Multiple immune defects have been described in this

disease. Immunodeficiency occurs because of disruption of mucocutaneous

barriers and granulocyte=phagocyte dysfunction and defects in cellular immunity

and humoral immunity. The cutaneous barrier is compromised by uremic pruritus

with excoriation, epidermal and sweat gland atrophy, dryness, and vesicular

eruptions, all of which increase risk for cellulitis. Granulocyte dysfunction is

manifested by reduced mobility, chemotaxis, adherence, phagocytosis, and

intracellular bactericidal activity.

Impairment of cellular immunity is probably the most important cause of

compromise in renal failure. The primary problem is the host’s oversuppression of

lymphocytes in the face of normal numbers of cells. Depressed activation and

proliferation of T lymphocytes occur, causing lymphopenia and a reduced

absolute number of peripheral blood lymphocytes. These lymphocyte abnormal-

ities appear early in the course of renal failure and cannot be reversed by

hemodialysis.

In addition to the impairment of cellular immunity, defects in humoral

immunity are present. Uremic patients can synthesize normal amounts of Ig

despite reduced B lymphocyte counts, but certain IgG subclass antibodies are
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depressed, resulting in the poor protective effect of vaccines. Lymphocytes taken

from uremic patients appear to function well in nonuremic serum; conversely,

lymphocytes from normal serum function poorly in uremic serum.

Staphyloccus aureus infections are most common because 60% of patients

on hemodialysis are chronic carriers (10). Furthermore, the carriage rate of S.

aureus increases as time on dialysis increases. Fungal infections caused by

Candida species are common. In addition, infections caused by Cryptococcus,

Histoplasma, Coccidioides, and Mycobacteria species and Nocardia species

occur with increased frequency.

Osteomyelitis can occur as a complication of hemodialysis (11,12). Since S.

aureus and S. epidermidis are common blood isolates in hemodialysis patients in

whom indwelling cannulae allow portals for bacterial entry, bone infections are

probably hematogenous in origin. The ribs and the thoracic vertebral column are

the most common sites of involvement. The diagnosis of osteomyelitis is usually

made 12 to 72 months after the initiation of hemodialysis. Surgical intervention

and antibiotic treatment can result in an arrest of the infection. The infection may

not be recognized, as the clinical signs and radiograph findings may mimic those

of renal osteodystrophy.

3. Diabetes mellitus

Diabetic patients have increased susceptibility to infection when compared with

euglycemic patients because of defects in immune function, vascular insuffi-

ciency related to microangiopathy and macroangiopathy, and wound neglect that

is due to peripheral sensory neuropathy.

Neutrophil function is impaired in diabetic patients through decreased

adherence to bacteria, impaired chemotaxis and phagocytosis, and diminished

intracellular killing of organisms (13). Furthermore, opsonization is deficient

because glucose binds to complement C3 and reduces its activity. In addition,

complement C4 level is reduced in 25% of diabetic patients. These defects

predispose diabetic patients to purulent bacterial infections with gram-positive

and gram-negative organisms (14,15). These defects are exacerbated by periods

of poor glycemic control, and conversely, phagocytosis is improved with

euglycemia. Monocytes exhibit impaired phagocytosis during periods of hyper-

glycemia as well.

Lower extremity ulcers are a serious complication of diabetes mellitus.

More than 4% of the population, 16 million people in the United States, have

diabetes; among these, 15% experience a foot ulcer at some point of their

lifetime. One-third to two-thirds of these patients have osteomyelitis in their

lifetime. Because of the presence of ischemia and diminished sensation in the feet

of many diabetic patients, soft tissue ulcerations commonly form beneath weight-

bearing bony prominences. Minor trauma in the presence of neuropathy and
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impaired vasculature and healing can cause soft-tissue infections in the feet that

almost always precede osteomyelitis. Highly characteristic locations for ulcera-

tions are in the plantar soft tissues beneath the metatarsal heads, the phalanges,

and the calcaneus. Infection spreads first to the periosteum and then to the cortex

and may finally disrupt medullary bone. Not surprisingly, approximately 95% of

diabetic patients with osteomyelitis in the foot have associated ulcers.

Local findings consist of swelling, erythema, and sometimes pain. Indolent

ulcers and frank cellulitis are seen in more than 50% of cases. Erosive lesions in

radiographic film are typical and air may be present in the soft tissues. The bone

scan is of very limited value because of generalized poor perfusion in the area and

the frequency of concurrent soft-tissue infection. Diabetic foot osteomyelitis is

usually polymicrobic (16). The most common organisms responsible for osteo-

myelitis in diabetic patients are staphylococci, streptococci, and the Enterobac-

teriaceae. Anaerobes (e.g., Peptostreptococcus spp.) are also often isolated.

Surgical treatment is often required and severe cases may lead to amputation.

4. Chronic hypoxia

Experimental findings show that hypoxic hypoxia brings about consistent

changes in the immunobiological status of patients that are directly correlated

with the level of hypoxia (17). Secondary immunodeficiency (SID) was diag-

nosed in 80.7% of 57 cases of chronic obstructive pulmonary disease (COPD)

patients and was associated with reduced quantitative and functional parameters

of T lymphocytes and imbalance in subpopulations of regulatory T lymphocytes

(18). Immune globulin subclass level deficiencies were also found in COPD

patients taking long-term, low-dose corticosteroid therapy.

Patients with severe COPD who are treated with long-term systemic

corticosteroids are at a higher risk for the development of invasive aspergillosis

as a result of altered mononuclear phagocytic function and abnormalities in the

effective adherence, chemotaxis, and recruitment of phagocytic cells. Vertebral

Aspergillus spp. osteomyelitis in patients with COPD who were treated with

systemic corticosteroids has been reported (19).

5. Malignancy

Patients with cancer often have multiple immune defects that predispose them to

infection (20,21). These defects include neutropenia, impairment in T-cell and B-

cell function, and splenic dysfunction or splenectomy. Defects in physical barriers

(skin and mucous membrane) and use of long-term intravascular catheters also

predispose these patients to infection.

a.) Neutropenia. Neutropenia is defined as a neutrophil count, including

band forms, of less than 1000=mm3. It usually develops as a result of cytotoxic

chemotherapy or the disease process itself, especially in hematological malig-
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nancies. Neutropenia predisposes cancer patients to the development of certain

bacterial and fungal infections.

b.) Impairment of Cell-Mediated Immunity in the Cancer Patient. T-cell

defects resulting in impaired cell-mediated immunity commonly develop in

cancer patients as a result of cancer chemotherapy or corticosteroid treatment.

The cancer itself produces impairment in cellular immunity in patients with

Hodgkin’s disease, non-Hodgkin’s lymphoma, and hairy cell leukemia. The

patient becomes susceptible to infection with intracellular pathogens, including

bacteria, fungi, parasites, and viruses. Impaired cell-mediated immunity in cancer

patients may result in reactivation of Histoplasma capsulatum and Coccidioides

immitis with resultant disseminated disease. Infections with Candida species are

also common in cancer patients with defective cell-mediated immunity, but

disseminated disease is less likely than in patients with neutropenia. In cancer

patients on high-dose corticosteroids aspergillosis may also develop, but it is

much less likely than in organ transplantation recipients or patients with

prolonged neutropenia.

c.) Humoral Immune (B-Cell) Defects in the Cancer Patient. Hypogam-

maglobulinemia is common in patients with chronic lymphocytic leukemia and

myeloma. Low immune globulin levels predispose these patients to infections

with encapsulated bacteria, especially S. pneumoniae, H. influenzae, and N.

meningitidis, and occasionally other streptococci. Regular infusions of human

polyclonal intravenous immune globulin may decrease the incidence of infection

in these patients but may not result in improvement in quality or duration of life

and is probably not cost-effective.

6. Extremes of age (geriatric patients)

Aging is associated with a decline in immune response, particularly of cytokine

production (22,23) and T-cell-mediated function (24). These factors are well

documented and contribute to an increased incidence of infectious and neoplastic

diseases in this patient population.

Osteomyelitis secondary to contiguous focus of infection can occur in

elderly adults without vascular insufficiency (secondary to pressure ulcers) or

with vascular insufficiency. Most cases of osteomyelitis secondary to a contig-

uous focus of infection are seen in patients above the age of 50, presumably as a

result of precipitating factors such as diabetes mellitus, peripheral vascular

disease, and atherosclerosis. The long bones of the lower extremities are

frequently involved since these are often the sites of fracture and open reduction.

Pressure sores (decubitus ulcers) may overlie and produce a focus of osteomye-

litis. The diagnosis of osteomyelitis must be strongly considered if a pressure sore

does not respond to local therapy. The skull and mandible bones are also frequent

Immunocompromised Hosts 89



sites of osteomyelitis after neurosurgery, oral surgery, or dental infection. Sternal

osteomyelitis is an uncommon, but highly morbid complication of median

sternotomy incision for open heart surgery.

Although classically described as a disease of children, hematogenous

osteomyelitis is being reported with increased frequency in the older age group

(25–28). The common types of hematogenous osteomyelitis that are seen in the

elderly include vertebral and long bone osteomyelitis. Positive blood culture

findings occur in approximately 40% of cases of vertebral osteomyelitis.

Genitourinary tract infections that seed the bloodstream are the most common

precipitators of vertebral osteomyelitis. Respiratory infections and bacteremia

from indwelling venous or arterial catheters also predispose to vertebral osteo-

myelitis.

7. Immune disease (collagen vascular disease)

Phagocytosis defects, dysfunction of the macrophage-monocyte, complement

deficiencies, hypergammaglobulinemia, and T-cell lymphopenia (CD4þ cells) are

commonly seen in collagen vascular diseases such as systemic lupus erythema-

tosus (SLE) (29,30). Multiple studies have pinpointed use of corticosteroids,

usually with prednisone doses greater than 20mg daily, as a predictor of

infections.

Bacterial skin infections usually are manifested as cellulitis or skin

abscesses. Unusual organisms such as Escherichia coli, S. pyogenes, and

Candida spp. can be the cause of cellulitis, but S. aureus and hemolytic

streptococcus are the most common. Gangrene, osteomyelitis, abscess, infected

vasculitic ulcers, or infected wounds are frequently seen. Opportunistic infections

such as those by coagulase negative Staphylococus spp., Candida spp., and other

fungi can occur as skin infections. Septic arthritis, usually occurring in the knee,

has been reported from multiple pathogens in SLE, although S. aureus is the most

common cause. Unusual joints, such as the manubriosternal, have been reported

to have septic arthritis. Multiple investigators have reported cases caused by N.

gonococcus and N. meningitidis. Patients with systemic lupus erythematosus are

at increased risk of Salmonella spp. infection because of insufficiency of the

reticuloendothelial system caused by either immunosuppressive therapy or

inadequate opsonization. Septic arthritis and osteomyelitis caused by Salmonella

spp. have been reported (31).

8. Immunosuppression (bone marrow and stem cell
transplantation)

Bone marrow and stem cell transplantation is increasingly common in the

treatment of a variety of solid and hematological malignancies, as well as

metabolic and genetic disorders. Infection and graft-versus-host disease

(GVHD) are common and remain the major sources of morbidity and mortality
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in bone marrow transplantation patients. Infections occur as a direct result of the

predictable suppression of host defenses (32,33). The severity and type of

infection depend on the type of transplantation, the degree of histocompatibility

mismatch, GVHD, therapy used, and preexisting viral and fungal infections.

In bone marrow transplantation, native marrow is purposely destroyed by

chemotherapy; reconstitution of the marrow and restoration of immunocom-

petence take months to years and the patient’s vulnerability to infection is

enormous at the outset and remains compromised in minor ways even years

later. Both humoral and cellular immunity defects recover slowly and some

persist for several years.

Osteomyelitis in the bone marrow transplantation patient can be caused by

bacterial, invasive fungus, and atypical mycobacterium (34,35). In rare instances,

osteomyelitis can follow marrow aspiration from the sternum or marrow harvest

from the iliac crest.

9. Immunosuppression (solid organ transplantation and
immunesuppresant)

The successful rehabilitation of patients with end-stage renal, hepatic, and cardiac

failure through organ transplantation is one of the advancements of biomedical

science. Lifelong immunosuppression is usually needed for recipients of solid

organ transplantation. The mainstay of transplantation immunosuppression is

cyclosporine, which suppresses interleukin-2 production and results in potent

immunosuppression of T helper-inducer cells but does not affect the suppressor

T-cell subset. The T cells enhance antibody recognition and production by B cells,

so that cyclosporine inhibits both cellular and humoral immunity (36–38).

Steroids shut down the acute phase of the immune response by limiting

leukocyte kinetics. Decreased lymphokine production and inhibited lymphocyte

aggregation at the site of immune insult are both found (39,40). Steroids also

limit granulocyte and macrophage function. Short-term or pulse therapy gener-

ates minimal risk, and generally steroid therapy must be long term to allow

infectious complications to arise. Larger doses also increase risk. The intensity

and duration of immunosuppressive therapy affect the frequency of infection.

Transplantation patients typically receive maximal dosage of these agents in the

first 6 months after transplantation, corresponding with a peak in the risk of

opportunistic infection. If chronic rejection develops, long-term immunosuppres-

sive therapy becomes necessary, again increasing risk.

Musculoskeletal infection is not unusual in transplantation patients. Most

of the pathogens associated specifically with impaired cellular immunity are

intracellular. Osteomyelitis caused by invasive fungus and atypical mycobacter-

ium is frequently seen in steroid-dependent or solid organ transplantation patients

(41,42).
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Chronic granulomatous disease is a syndrome characterized by abnormal

neutrophil oxidative metabolism. Affected persons experience recurrent severe

infection of various organs including bone. Noncaseating granulomas are the

most common histopathological feature of this disease. Even if S. aureus is one of

the most common pathogens in these patients, uncommon organisms causative of

bone infection, such as Aspergillus spp. and Nocardia spp. are frequently

reported.

10. Asplenic patients, functional asplenia, and sickle cell
disease

Patients become asplenic through surgical removal of the spleen (most commonly

because of trauma) or functional loss of splenic activity (sickle cell disease).

Splenectomy or functional asplenia predisposes a patient to overwhelming

pneumococcal infection and fulminant infection with other encapsulated organ-

isms such as H. influenzae, N. meningitidis, and Capnocytophaga canimorsus

after dog bites. Infants and children are most susceptible to postsplenectomy

infections. Adult patients who have splenectomy, especially as part of treatment

for underlying malignancy, are less susceptible to infection than children but still

carry a higher risk than the normal population. Patients with sickle cell disease

are usually functionally asplenic by early childhood. In addition, opsonic function

in these patients is often depressed. Other hemoglobinopathies carry similar risks.

Aplastic anemia also occurs in sickle cell patients.

One large series reviewing sickle cell disease and osteomyelitis reported

that 20 of 70 patients with complete hemoglobin defects had at least one

hospitalization for the treatment of osteomyelitis during a 10-year period (43).

In essentially all cases, the infecting organisms were gram-negative rods.

Salmonella spp. accounted for approximately 80% of the gram-negative organ-

isms. In the same hospital series, 1 of 117 patients with normal hemoglobin levels

who had osteomyelitis exhibited a Salmonella spp. infection of the bone. In a

second series of osteomyelitis patients with sickle cell disease, S. aureus was the

most common pathogen, followed by Salmonella spp. and Proteus mirabilis (44).

Although osteomyelitis in sickle cell anemia may occur in any bone, it

occurs most frequently in the medullary cavity of long bones. The differentiation

of bone infection from bone infarction in sickle cell patients is a challenge. Fever,

a toxic appearance, and an elevated erythrocyte sedimentation rate (ESR) are all

more commonly associated with osteomyelitis than with bone infarction. Plain

radiographs are not helpful in distinguishing between the two entities. Skeletal

scintigraphy may help make the diagnosis. The best method appears to be 99Tc

methylene-diphosphonate (MDP), followed by gallium or indium scanning.

Although both infection and infarction may show increased uptake on the

technetium scan, the gallium or indium scan should be ‘‘hot’’ with osteomyelitis
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but ‘‘cold’’ with sickle cell infarction. Another approach is to note the response to

conservative therapy—bone infarctions usually improve within 24 to 48 hours,

whereas bone infection worsens. Sickle cell disease patients may have multiple

sites of bone infection. Since the presenting symptoms are often insidious and

mimic those of marrow crisis, early cultures of blood and stool offer clues to the

correct diagnosis. Presumptive antibiotic therapy in patients suspected of having

osteomyelitis should include antibiotics effective against Salmonella spp.

People known to be at risk should receive a pneumococcal vaccine. Some

authorities recommend immunization against H. influenzae type B and meningo-

cocci as well. Antimicrobial prophylaxis (twice daily penicillin V or amoxicillin)

is generally limited to children less than 2 years of age.

11. Human immunodeficiency virus type 1

Human immunodeficiency virus type 1 (HIV-1) is a human retrovirus that infects

lymphocytes and other cells bearing the CD4 cell marker. Infection leads to

lymphopenia and CD4 cell depletion, impaired cell-mediated immunity, and

polyclonal B-cell activation with impaired B-cell response to new antigens. Over

time, this immune dysfunction gives rise to AIDS, which is characterized by

opportunistic infections and malignancies. The time from onset of HIV infection

to development of AIDS varies from months to years, with a median incubation

period of 10 years. The virus is transmitted sexually or parenterally. Therapy for

HIV infection and AIDS includes antiretroviral therapy, prophylaxis for and

treatment of infections, and treatment of neoplasia.

Patients with AIDS have profound cell-mediated immunity defects. In

patients who have HIV, a variety of common and opportunistic organisms may

cause infections of bones, joints, muscles, subcutaneous tissues, and skin. Septic

arthritis is most common in patients with HIV infection. Isolated septic arthritis,

septic arthritis with osteomyelitis, and septic bursitis have been reported (45–47).

Thirty percent of new patients admitted with acute arthritis in Rwanda had septic

arthritis and 82% of them were HIV-positive. The clinical picture seen is

predominantly monoarticular; the hip joint is most commonly affected. Involve-

ment of the sternoclavicular joint is common, especially in cases when the patient

is an intravenous drug abuser. Staphylococcus aureus and Pseudomonas spp. are

the most frequently isolated agents; Gonococcus spp., Salmonella spp., and

tuberculous arthritis were also found and several uncommon opportunistic

organisms have been isolated as well. Pneumococcal septic arthritis, Haemophi-

lus influenzae, Salmonella spp., tuberculous arthritis and spondylodiscitis, and

most cases of atypical mycobacteria are seen with CD4 counts less than 100mm.

Frequently, there are multiple sites involved and concomitant skin infection is

common. Opportunistic fungal infections with articular involvement in patients

with AIDS have been reported. Chronic syphilitic polyarthritis that mimicks
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systemic lupus erythematosus–rheumatoid arthritis, improves with penicillin, and

is manifested as the initial presentation of HIV infection also has been reported

(48).

Osteomyelitis in the HIV patient is usually a more serious infection, which

also affects young individuals with lower CD4 counts (49,50). Staphylococcus

aureus is the most commonly isolated agent. Osteomyelitis due to Mycobacter-

ium tuberculosis is also frequently reported (51) and may reflect the high

prevalence of tuberculosis in the HIV population in the United States.

A thorough clinical examination and aggressive diagnostic measures such

as bone biopsy are usually required to establish the diagnosis and to initiate the

appropriate therapeutic regimen in patients with osteomyelitis. One unusual, but

particularly characteristic, form of osteomyelitis in HIV-positive patients is

bacillary angiomatosis (52), an infectious disease caused by a gram-negative

rickettsia-like organism that frequently leads to osteolytic bone lesions.

12. Intravenous drug use

Immune system dysfunction in intravenous drug abuse (IVDA) patients probably

plays a minor role in infection compared with the repeated parental introduction

of contaminated material. Studies have shown that the major functional defect is

in cell-mediated immunity (53,54). Despite this finding, the incidence of infec-

tion typical of T-cell deficiency is rare when AIDS is factored out. Not much has

been done to define the degree and significance of neutrophil-monocyte dysfunc-

tion in these patients.

Infection is the most common cause of death in hospitalized intravenous

drug abuse patients. Skin and soft-tissue infection, especially abscesses, are

common causes of infection in this subpopulation (55). Osteomyelitis is also a

complication of intravenous drug addiction (56,57). Clinical symptoms and signs

of infection may be subtle and include localized pain. Fever is often absent. The

infection is commonly found in the vertebrae, pubis, and clavicles but may occur

in any bone. P. aeruginasa, S. aureus, S. epidermidis, gram-negative rods, and

Candida spp. are the most commonly isolated pathogens. The risks of AIDS to

users who expose themselves to another’s blood or body fluids are well known.

Occult bacteremia and major illness also occur in these patients, with a reported

frequency of 11% in otherwise healthy patients. Blood cultures should be

obtained on these patients. If blood cultures are positive along with radiographic

evidence of osteomyelitis, then bone cultures are mandatory to make a correct

bacteriological diagnosis.

13. Alcoholism

Alcohol consumption predisposes to infection through impaired development and

direct suppression of the immune system, alterations in blood flow, depression of

mental status, and delay in seeking medical care. Alcoholic cirrhosis has been
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associated with a variety of immune defects (58–60). Impaired opsonization and

impaired neurophil chemotaxis have been found. Macrophage dysfunction also

has been described. Neutropenia has been described in 4% to 8% of hospitalized

alcoholics and corrects after a few days of abstinence (61–63). Both acute and

chronic ethanol ingestion inhibit antibody response to new antigens. Total serum

globulin concentration is elevated as a consequence of increased production by

lymphocytes, but cutaneous delayed hypersensitivity, lymphocyte sensitization to

new antigens, and natural killer (NK) cell activity are all depressed. These effects

are often compounded by other factors associated with alcoholism, such as

malnutrition, impaired drug liver metabolism, and cigarette smoking, and

increase the risk of injury.

Osteomyelitis in these alcoholic patients commonly involves the mandible

and long bones (64–66). Traumatic and chronic osteomyelitis is often seen

because of the increased risk of injury. Given all these factors, it is not surprising

that osteomyelitis in alcoholics has a poorer prognosis than in nondrinkers.

14. Tobacco abuse

Despite the known health risks associated with cigarettes, millions of Americans

continue to smoke. Among the 3800 chemicals that have been identified in the

tobacco smoke there are many biologically active compounds. Smoking is

associated with cancers occurring in the oral cavity, esophagus, larynx, lung,

and distant organs such as the pancreas, bladder, and kidney. Cigarette smoking is

a risk factor for the development of atherosclerosis acting through activation of

leukocytes and endothelial cell damage. Nicotine is a vasoconstrictor that reduces

nutritional blood flow to the skin, resulting in tissue ischemia. The association

between cigarette smoking and nonunion (67–69) and delayed wound healing

(70) is well recognized in clinical practice, although extensive controlled studies

have yet to be performed.

The immunosuppressive effects associated with prolonged exposure to

chemical substances are often accompanied by an increased susceptibility to

challenge with infectious agents and certain forms of neoplasia. The genotoxic

effects of cigarette smoking on lymphocytes and various quantitative and

functional changes in lymphocytes subpopulations have been frequently observed

(71). Tobacco smoking can affect the human immune system and cause a

decrease in serum immunoglobulin (IgA and IgG) concentrations together with

reduction of the absolute number of CD16þ lymphocytes. Moreover, it was found

that in men with a long-term smoking habit, the level of serum lysozyme was

lowered (72). The occurrence of the alterations described, especially in long-term

cigarette smokers, may help explain the disturbances that depend on impaired

cell-mediated immunity encountered in smokers.
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B. Local Immunocompromised States

1. Chronic lymphedema

Lymphedema arises when an intrinsic fault develops within the lymph-conducting

pathways (primary lymphedema) or as a consequence of surgery (secondary

lymphedema). Primary lymphedema may occur at any phase of life, but it most

commonly appears at puberty. Secondary lymphedema is encountered more

often. The most prevalent worldwide cause of lymphedema is filariasis, which

is particularly common in Southeast Asia. In the United States, postsurgical

lymphedema of the extremity prevails.

Lymphedema is often diagnosed by its characteristic clinical presentation.

In some cases, ancillary tests might be necessary to establish the diagnosis,

particularly in the early stages of the disease and in edemas of mixed cause.

Available modalities include isotopic lymphoscintigraphy, indirect and direct

lymphography, magnetic resonance imaging, computed tomography, and ultra-

sonography. Complications of chronic limb lymphedema include recurrent

cellulitis and lymphangiosarcoma. Most patients are treated conservatively, by

means of various forms of compression therapy, including complex physical

therapy, pneumatic pumps, and compressive garments. Volume reducing surgery

is performed rarely. Lymphatic microsurgery is currently experimental.

2. Venous stasis

Venous insufficiency is a multifactorial abnormality that has an important impact

on the quality of life of the patient. The primary factor of venous disease is an

abnormal wall distensibility, which seems to be correlated with genetic factors.

Facilitating factors include hormonal impregnation and prolonged hydrostatic

load that result in valvular incompetence, which, combined with the augmented

hydrostatic load, lead to varicosis and venous stasis. Ensuing tissue hypoxia and

local edema favor inflammation and infection, which ultimately favor the

occurrence of ulcers.

Manifestations of chronic venous insufficiency include mild to severe

swelling, aching to frank leg pain, leg heaviness, dilated superficial veins

and=or dilated tributaries of the saphenous vein system, skin changes, and

ultimately ulceration. The need for diagnostic testing may be minimal if the

ulcer typifies the usual venous ulcer in persons recognized to be at high risk.

Management includes nonsurgical and surgical procedures, wound débri-

dement, and electrical stimulation. The mainstay of treatment for venous ulcers is

compression therapy, exercise, and leg elevation at rest. Compression to the lower

extremities is used to increase healing of venous stasis ulcers by improving the

blood supply and reducing edema and distension. Compression wraps are
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available in elastic or nonelastic materials and in single to multilayer systems

requiring varying types of application and exerting different levels of compres-

sion.

3. Major vessel compromise

Osteomyelitis in the diabetic foot is a difficult problem with multiple causes.

Ischemia is often a contributing factor in the diabetic foot ulcer; thus, determina-

tion of the vascular status of the tissue at the infection site is crucial. Although

several methods can be used to determine the vascular status, measurement of

cutaneous oxygen tensions and pulse pressure are the most common techniques.

Cutaneous oxygen tension is obtained by using a modified Clark electrode

applied to the skin surface (73). Cutaneous oxygen tensions provide guidelines

for determining the location of adequately perfused tissue (74,75). The values are

also helpful in predicting the benefit of local débridement surgery and in selecting

surgical margins where healing can be expected to occur (76).

Management decisions are based on risk factors and disease history.

Comprehensive management includes exercise, discontinuation of smoking,

and optimal control of diabetes. The management of hyperlipidemia and

hypertension and appropriate application of anticoagulant=antiplatelet drugs are
important. Methods of surgical management include bypass with autogenous or

synthetic material in addition to reconstructive surgery with patch angioplasty or

extra-anatomic bypass, amputation, percutaneous transluminal angioplasty=
stents, thrombolytic infusion, atherectomy, intraluminal ultranography, and angio-

scopy.

4. Arteritis

One of the common underlining conditions of nonhealing leg ulcer is vasculitis.

Two groups of vasculitic disorders that share varying degrees of vascular

inflammation and necrosis are arteritis (lupus, erythematosus, periarteritis

nodosa, dermatomyositis). Because there is an increased inflammatory response

to trauma, particularly of the skin, in patients with vasculitis, an alteration in

wound healing in the patient with arteritis is expected. Leg ulcers associated with

vasculitis are due to inadequate tissue oxygenation at the local level, are typically

chronic, are slow to heal, and commonly recur. Studies suggest that revascular-

ization and vein surgery improve the healing of leg ulcers in patients with

collagen vascular disease (77). Hyperbaric oxygen therapy has been demonstrated

to be beneficial in several series (78,79).
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5. Extensive scarring

Abnormal dermal scarring, which affects a large number of people, is aestheti-

cally disfiguring and can be functionally disabling. Hypertrophic scars and

keloids are often the sequelae of deep injury to the skin. These lesions are

characterized by excessive collagen, in the form of discrete nodules, and an

excess of microvessels, most of which are partially or totally occluded as a result

of an excess of endothelial cells. The occlusion contributes to a measurable

hypoxia. Hypertrophic scars and keloids contain elevated levels of fibronectin,

immunoglobulins, other plasma proteins, histamine, type III collagen, and

chondroitin-4-sulfate. PO2 levels are lower than in normal skin and PCO2

levels are higher. Granulation tissue from deep injury contains predisposed

patterns for nodule formation, excessive numbers of fibroblasts, and high levels

of fibronectin and demonstrates excessive synthesis of fibroblast products and

microvascular occlusion. The stimulator for excessive synthesis activity is

postulated to be related to a state of hypoxia. It has been postulated that resolution

of the lesions is affected when microvascular patency is restored and PO2 levels

return to normal. Degradation of excess collagen takes place when collagenase

and=or lysosomal hydrolases are unmasked, activated, or released. The cause of

the hypertrophic scar and keloid (and thus their resolution) is believed to be

directly related to the quality of the microvessels and the leakage and deposition

of blood products into the wound and lesion (80,81).

Existing medical and surgical strategies to prevent or to treat scars are

frequently disappointing and more effective therapies are needed. Corticosteroids

are still the first-line therapeutics. Tamoxifen, which has been used extensively in

the treatment of breast cancer over the last 20 years, was shown in 2002 to inhibit

the proliferation of fibroblasts cultured from keloid biopsies (118).

6. Radiation fibrosis

Radiation fibrosis is a frequent sequel of therapeutic or accidental radiation

overexposure in normal human tissues. One of the main fundamental problems

yet unsolved in fibrotic tissues is the origin of the chronic activation of

myofibroblasts within these tissues. It has been postulated that this chronic

activation results from a continuous production of activating factors. In this

context, fibrosis could be defined as a wound where continuous signals for tissue

repair are emitted. Cytokines and growth factors probably play a central role in

this process; among them, transforming growth factor-1 (TGF-1) is considered a

master switch for the fibrotic program (82,83). It has been postulated that

deregulation of this TGF-signaling pathway may occur in tissue fibrosis. Both

overactivity of activating proteins and downregulation of inhibitory proteins may

be linked to the chronic TGF overexpression in fibrosis.

98 Wang et al.



Understanding that TGF-1 is a key factor in fibrogenesis offered a new

possible target for therapeutic agents with potential antifibrotic effects. Until very

recently, fibrotic tissue was considered dead, irreversible tissue that could not be

cured. Drugs of several categories have been tried in the management of

fibroproliferative disorders, including anti-inflammatory agents (steroids, colchi-

cine, D-penicillamine), drugs acting on blood flow (heparin, pentoxifylline), and

interferons. Corticosteroids are still the first-line therapeutics, even though they

essentially reduce symptoms associated with inflammatory reactions. Several

drugs were effective in preventing the occurrence of fibrosis in experimental

models, whereas few were able to reduce an established fibrotic tissue. Among

the latter, several, including interferons, produced significant clinical improve-

ment in various fibrotic disorders but were associated with toxicity and side

effects.

In 2001, new data challenged the postulate of the irreversibility of

established radiation fibrosis. Liposomal Cu=Zn superoxide dismutase (SOD)

was shown to be the first agent effective in reducing long-standing radiation

fibrosis in patients treated by radiotherapy (84).

7. Small vessel disease

During the past few years, rapid advancement has been made in our under-

standing of the mechanisms and molecules involved in the pathogenesis of

diabetic microvasculopathy. This is particularly true with regard to diabetic

microvasculopathy and the role of the angiogenesis- and vasopermeability-

inducing molecule vascular endothelial growth factor (VEGF). VEGF appears

to play a central role in mediating diabetic vasculopathy in many organs (85).

Improved understanding of the molecular mechanisms underlying these processes

has permitted development of novel therapeutic interventions, several of which

are now in human clinical trials.

8. Neuropathy

Diabetic peripheral neuropathy is the most frequent neuropathy in Western

countries. The pathophysiological characteristics of diabetic neuropathy remain

to be fully understood. The prevalence of diabetic neuropathy varies from 10%

within 1 year of diagnosis of diabetes to 50% in patients with diabetes for more

than 25 years. Neuropathy initiates the pathophysiological pathway to leg

ulceration and amputation and by itself it is sufficient cause for painful

paresthesia, sensory ataxia, and Charcot deformity. The symmetrical, distally

pronounced, and predominantly sensory neuropathy is far more frequent than the

symmetrical neuropathy with predominant motor weakness or the asymmetrical

neuropathy. The painless neuropathy is manifested with impaired light touch

sensation, position sense, and vibratory perception and diminished or absent
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ankle deep tendon reflexes. The painful sensory diabetic neuropathy primarily

affects small nerve fibers and accounts for decreased temperature perception and

paresthesias.

Clinical trial evidence for the efficacy of screening strategies demonstrated

reduced outcomes of amputation and ulceration. Consequently, screening and

early identification of the neuropathic process offer a crucial opportunity for the

patient with diabetes actively to alter the course of suboptimal glycemic control

and to implement improved foot care before the onset of significant morbidity.

Currently, four standard simple screening maneuvers (i.e., 10-g Semmes-Wein-

stein monofilament examination [SWME], superficial pain, vibration testing by

the on-off method, and vibration testing by the timed method) are appropriate for

the detection of neuropathy in diabetic patients.

The most important therapy is to attempt optimal blood glucose control, to

reduce body weight, and hyperlipidemia, as well as symptomatic pain treatment

and aggressive foot care.

V. MEDICAL APPROACH TO THE IMMUNOCOMPROMISED
PATIENT

A. History and Physical Examination

The symptoms and signs of musculoskeletal infection that can be present in any

given compromised host span a wide spectrum. Table 5 outlines the historical

information that should be collected in immunocompromised hosts with soft

tissue and bone infection. The history should include a review of the immuno-

compromised state: duration of the immunocompromise; past infections and

current and previous therapies, especially chemotherapy; and use of immuno-

suppressive drugs and antibiotics. A history of long-term, broad-spectrum

antibiotic use also predisposes to fungal infection. A history of transfusion

adds related diseases (hepatitis B and C) to the differential.

Table 5 History of the Immunocompromised State

Underlying immune deficiency, autoimmune disease, functional immune deficiency

Dose, duration, and temporal sequence of immunosuppressive therapy

Metabolic conditions (uremia, malnutrition, diabetes, alcoholism, cirrhosis)

Current=past infections (HIV, CMV, EBV, hepatitis B and C)a

Current=past therapies (including antibiotics and immunosuppressant)

Transfusion history (hepatitis)

Fever (duration and degree)

Local symptom (pain, swelling, draining)

aHIV, human immunodeficiency virus; CMV, cytomegalovirus; EBV, Epstein-Barr virus.
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The physical examination should be complete because the findings present

for a given infection can be subtle. Examination of the skin can reveal local

tenderness, warmth, and erythema. Invasive cutaneous fungal lesions in trans-

plantation patients may have a distinct presentation. Tenderness is usually absent

in diabetic peripheral neuropathy, except in the acute phase. Examination should

also attend to sites of barrier compromise (e.g., Foley catheter, indwelling line,

wounds, and prosthetic devises), which may lead to repeated episodes of

bacteremia or fungemia that can cause hematogenous osteomyelitis. On physical

examination, fever is uncommon, and foot ulceration need not expose the bone

for osteomyelitis to be present.

B. Diagnostic Tests

The orthopedic clinic work-up of the patient with fever and immunosuppression

requires a high level of suspicion and involves a minimal battery of routine tests,

augmented by the clinical findings. Any site of potential infection suggested by

the history and physical examination should be imaged or cultured as possible. In

the absence of localizing symptoms or signs, a minimal work-up includes

urinalysis, chest radiograph, radiograph of the affected limb, and wound culture.

Generally, basic blood testing is also ordered. A complete blood count (CBC) is

necessary to determine the degree of granulocytopenia, if any, present. Impaired

renal function is not uncommon in this patient group, and liver function tests can

be useful as well. Blood cultures are obtained in febrile patients. Nasal cultures

for detection of the patient’s S. aureus carriage state are an important modality in

the immunocompromised population. In the transplantation patient, cyclosporin

or FK 506 levels are usually obtained. Specific immunological tests for patients

with suspected congenital immune deficiency or vasculitis should be requested.

Tuberculin (TB) skin test, fungal serological evaluation, RPR, and HIV tests may

provide important clues to diagnosis.

C. Clinical Diagnosis

Clinical diagnosis of osteomyelitis is difficult. Cellulitis is pervasive, but

nonspecific for osteomyelitis. Sinus tracts or exposed bone are the highly

sensitive clinical markers for osteomyelitis. On laboratory analysis, the erythro-

cyte sedimentation rate may be normal and bacteremia is uncommon. To confuse

the diagnosis, further neuropathic joint disease may mimic, or be superimposed

upon, osteomyelitis.
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D. Radiological Evaluation

The radiological evaluation of musculoskeletal infection is the subject of

substantial controversy, but certain principles can be agreed upon. In all cases

of suspected osteomyelitis, radiography should be the initial screening imaging

examination of choice. When radiograph results are positive for osteomyelitis, as

manifested by cortical erosion and periosteal new bone adjacent to an ulceration

and cellulitis, further imaging studies often are not needed. However, radiographs

generally do not yield positive results in these cases for 10 to 20 days after the

onset of symptoms. The evaluation of diabetic pedal osteomyelitis generally has a

disappointing sensitivity of 43% to 75% and specificity of 69% to 83%.

Computed tomography (CT) can be a useful method to detect early

osseous erosions, as well as to document the presence of a sequestrum, foreign

body, subcutaneous gas, or occult fracture. However, CT does not allow

distinction among edema, suppuration, granulation tissue, and postoperative

fibrosis.

The three-phase bone scan is an excellent way to exclude osteomyelitis in

uncomplicated situations because of its low false-negative result rate. Unfortu-

nately, it has a low specificity when applied to diabetic feet because of radio-

pharmaceutical accumulation in neuropathic bones. White blood cells (WBCs)

may be labeled with radioactive tracers to increase the specificity of conventional

bone scintigraphy, such as indium-111. Indium-111–WBC scans are time-

consuming, have poor spatial resolution for distinguishing bone from soft

tissue infection, and may yield false-positive findings in cases of fracture or

neuropathic osteoarthropathy. The cost of this scan is higher than that of a

magnetic resonance imaging (MRI) examination with intravenous contrast

material.

MRI is highly sensitive in determining the presence and extent of

inflammation. In particular, MRI can help delineate whether an infection is

limited to bones, joints, or soft tissues, or whether several of these structures are

affected (86,87). Such an evaluation allows planning of the degree or location of

débridement or the level of amputation, so that the viability of adjacent tissues

may be preserved. The diagnosis of osteomyelitis by MRI is made by detecting

low T1 and high T2 (or Short Tau Inverson Recovery (STIR)) signal intensity in

the bone marrow, with enhancement after intravenous injection of contrast

material. Since these signal intensity abnormalities are also present in diabetic

patients with neuropathic osteoarthropathy, additional imaging findings must be

looked for in this population including extension of a sinus tract from the skin to

bone, cortical interruption, rim-enhancing abscess within the marrow, and

sequestrum formation. The diagnosis of osteomyelitis in the feet of diabetics

has a reported sensitivity and specificity of 82% and 80%, respectively, compared

with 89% and 94%, respectively, in nondiabetics.
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E. Treatment of Osteomyelitis in the Immunocompromised
Host

Successful treatment of osteomyelitis depends on multidisciplinary approach

(88,89), combining both medical and surgical approaches. The major task in the

treatment of osteomyelitis in the immunocompromised host involves the modi-

fication of the host status, which includes improving the patient’s nutritional,

medical (better diabetes control, blood pressure), and vascular (bypass) status and

treating underlying diseases (Table 6).

1. Antimicrobial therapy

The ideal antibiotic for treating osteomyelitis in the immunocompromised patient

should be one with low toxicity, chemical stability at the site of infection, and

relatively high bone penetration.

Therapy usually starts with broad-spectrum antibiotic treatment of

suspected osteomyelitis before culture results are available. The first priority is

in adequately covering Staphylococcus species with a penicillinase-resistant

penicillin such as nafcillin or newer b-lactam antibiotics. In patients with

penicillin allergy, clindamycin is a good alternative. Streptococcus spp. are

usually sensitive to antibiotics used to combat staphylococci. Quinolones,

third- or fourth-generation cephalosporins, or imipenem-cilastatin is the usual

choice for broad gram-negative coverage. Beyond initial broad-spectrum therapy,

prospective treatment against anaerobic bacteria, Pseudomonas spp., fungal

organisms, Mycobacterium tuberculosis, or atypical Mycobacterium spp. must

be based on clinical suspicion and specific tests.

Table 6 Adjunctive Therapy for Osteomyelitis in Immunocompromised Patients

Therapy Patient group

Nutrition supplementation Malnutrition

Alcohol abuse

Diabetes mellitus

Renal=hepatic failure

Advice on smoking cessation Smoking

Pressure garments Local compromise

Vascular bypass Major vessel disease

Discontinuation or alteration of medications Chemical immunosuppression

Tight blood glucose control Poorly controlled diabetes

Hyperbaric oxygen Cierny-Mader stage 3–4Bs1*

Poor granulation bed

Refractory osteomyelitis

*B-host, local and systemic compromise.
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2. Surgical débridement

In most cases of osteomyelitis, antibiotic therapy alone does not cure the infection

and surgical débridement of infected necrotic bone, adequate drainage, and

obliteration of dead space are necessary. This is especially true when osteomye-

litis is caused by direct inoculation into bone or spreads from a contiguous focus

of infection. If the area of osteomyelitis is small, aspiration or resection of the

bone abscess may be both a diagnostic and a therapeutic procedure.

Treatment of chronic osteomyelitis is a difficult surgical problem. The

implantation of antibiotic-impregnated beads (90) into infected bone can sterilize

and temporally close a dead space, so that bone grafts can be successfully used in

chronic osteomyelitis. The most common antibiotic choices in beads are

vancomycin, tobramycin, and gentamicin.

Adequate soft tissue coverage of the bone is necessary to arrest the

osteomyelitis. The Ilizarov fixator is effective in the reconstruction of difficult

bone deformities that result from osteomyelitis (91). Soft tissue coverage may be

achieved by split-thickness grafts or local vascularized muscle flaps (92,93).

3. Immunomodulation

Immunomodulation, as the term implies, can be used to designate either

suppression or augmentation of an immune response. Suppressing the function

of the immune system may be important in cases of inflammation and in

augmentation of the immune response when increased resistance to disease is

present.

a.) Granulocyte Colony-Stimulating Factor. The human recombinant

granulocyte colony-stimulating factor (G-CSF), also known as filgrastim, is a

central mediator of the endogenous response to infection. This factor increases

the release of neutrophils from the bone marrow and improves neutrophil

function. G-CSF is approved for use in the prevention of infection-related

complications in patients with nonmyeloid malignancies during antineoplastic

therapy associated with high risk of severe neutropenia. Moreover, data from

human studies show that G-CSF downregulates inflammation (94). The efficacy

of G-CSF in the treatment of severe infections in nonneutropenic patients is under

investigation. Favorable results have been reported in the treatment of pneumo-

coccal meningitis and nosocomial pneumonia (95,96). Enhanced neutrophil

functions in diabetic patients with foot infections in vitro (97) and in an animal

model of osteomyelitis (98) also have been reported.

In 1997 and 2001 two randomized clinical studies assessed the safety and

efficacy of G-CSF as adjunctive therapy for diabetic foot infection (99,100). The

first study demonstrated an improved clinical outcome in the group treated with

G-CSF. The second study showed that the administration of G-CSF for 3 weeks
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for limb-threatening diabetic foot infection was associated with a lower rate of

amputation. G-CSF has also been successfully used in the treatment of osteo-

myelitis in patients with phagocitic defects (101).

b.) Nutrition and Vitamins. The nutritional status of the patient plays an

important role in resistance mechanisms against disease-causing organisms and

may influence the outcome of osteomyelitis in immunocompromised patients.

Optimal function of the host defense system depends upon an adequate

supply of antioxidative micronutrients. Intervention into the functionally deficient

antioxidant micronutrient status can act as the appropriate preventative or

therapeutic treatment with higher efficacy and fewer adverse effects than direct

pharmacological modulation of single immune functions by specific mediators.

Many antioxidants can be obtained directly from the diet (e.g., ascorbic acid, a-
tocopherol, carotenoids, and polyphenolic flavonoids). The antioxidative vita-

mins, ascorbic acid, and the tocopherols, are important not only for limiting tissue

damage but also for preventing overproduction of cytokine. Glutathione is a

major endogenous antioxidant and is important for lymphocyte replication. Two

vitamins, vitamin B6 and riboflavin, participate in the maintenance of glutathione

status. Ascorbic acid and tocopherols exert anti-inflammatory effects in studies in

humans and animals. In humans, dietary supplementation with ascorbic acid,

tocopherols, and vitamin B6 enhances a number of aspects of lymphocyte

function. The effect is most apparent in the elderly.

A study reported a significant reduction of plasma ascorbic acid levels in

patients with chronic osteomyelitis receiving antibiotic treatment (102). Treat-

ment with ampicillin, chloramphenicol, cefotaxime, gentamicin, benzyl,

procaine-penicillin combination, co-trimoxazole, and streptomycin significantly

reduced plasma vitamin C levels in vitro. There was moderate, but insignificant,

reduction in plasma vitamin C levels with clindamycin. The cause of this

reduction of plasma vitamin C levels by antibacterial agents in vitro is not yet

understood. A supplement of vitamin C may be required for patients on

antibacterial agents.

c.) Immunomodulation Effects of Antibiotics. Besides their antimicrobial

effect, antibiotics are reported to have effects on immunomodulation. Investiga-

tions are ongoing to study antibiotics for their potential activity as immunomo-

dulators (103–105) over and above their primary bactericidal or bacteristatic

activity. Graded doses of various antibiotics have been tested for their ability to

affect functions such as chemotaxis, phagocytic ingestion, and killing as well as

particular biochemical mechanisms, such as generation of superoxide. Among the

cephalosporins, cefodizime shows the greatest positive immunomodulating

activity, which is due to the unique nature of the three-sided chain. Cefotaxime

has an immunodepressing effect in vitro. The oral cephalosporin cefaclor appears

to have a beneficial effect on polymorphonuclear neutrophils (PMN) function;
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macrolides and quinolones display synergy with the immune system. An

understanding of the immunomodulating effects of antimicrobial regimens

would be clinically useful in the selection of antibiotics to prevent posttrans-

plantation complications and optimize antimicrobial, antiviral, and antitumor

therapies.

4. Hyperbaric oxygen therapy

Hyperbaric oxygen has been used as adjunctive therapy for difficult cases of

osteomyelitis for more than 30 years. The direct effect of hyperbaric oxygenation

is to increase oxygen tension to tissue beds. In osteomyelitis, the oxygen tension

in medullary bone falls to about 17 to 23mmHg, rendering the bone hypoxic.

High tissue oxygen tensions appear to be directly toxic to strictly anaerobic

bacteria. These organisms lack the enzyme superoxide dismutase and are

sensitive to the superoxide radicals present in highly oxygenated tissue. In

contrast, aerobic bacteria can degrade superoxide radicals rapidly by increasing

their superoxide dismutase levels in an oxygen-rich environment. It appears that

hyperbaric oxygen may be effective in the treatment of aerobic infections by

increasing the oxygen-dependent intercellular killing of the polymorphonuclear

leukocytes. Fibroblast proliferation, collagen production, and angiogenesis also

are suboptimal in hypoxic conditions and appear to be enhanced by hyperbaric

oxygen therapy.

Using a rabbit model of Staphylococcus aureus osteomyelitis, Mader and

colleagues (106,107) showed the oxygen tension in osteomyelitic bone to be

23mmHg. At 23mmHg, there was a reduced ability of phagocytes to kill bacteria

compared with killing in normal bone at an oxygen tension of 45mmHg. When

the rabbits were subjected to 100% oxygen at 2 ATA, the oxygen tension in

osteomyelitic bone increased to 109mmHg and phagocytic killing of S. aureus

was restored. Thus, hyperbaric oxygen therapy allows the return of intramedul-

lary oxygen tensions to normal or supranormal levels, resulting in normalization

of phagocytic killing. In addition, hyperbaric oxygen has been demonstrated to

augment the bactericidal action of the aminoglycoside class of antibiotics, which

perform poorly in hypoxic conditions.

Studies by other authors (108–110) also suggest that similarly enhanced

phagocytic killing may also be the mechanism by which hyperbaric oxygen

therapy is beneficial in Staphylococcus epidermidis, Pseudomonas aeruginosa,

and Escherichia coli osteomyelitis.

Adjunctive hyperbaric oxygen therapy may offer additional benefit for

treatment infection caused by Mucormycosis (111) and the human immuno-

deficiency virus (112).
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5. Prevention

The immunocompromised host is an individual whose defense mechanisms

against infectious agents are altered in such a significant way that he or she is

abnormally susceptible to infectious agents in general and bacterial ‘‘opportu-

nists’’ in particular. The type of infection and etiological agents vary with the

nature and the severity of the immune defect. The goal of prophylactic treatments

is to prevent the occurrence or recurrence of infections in order to reduce the

infectious morbidity and mortality rates when the nature or severity of immuno-

suppression makes these complications probable. Besides the strict application of

the so-called universal precautions, specific measures, including early identifica-

tion and early intervention, remain the basis of the prevention of musculoskeletal

infections in the immunocompromised host.

For example, pressure ulcers are a common problem for older persons.

Complications associated with pressure ulcers include infection and even death of

some patients. Pressure is the primary pathogenic factor, but shearing forces,

friction, and moisture are also important. Immobility, nutritional status, and age-

related factors seem to be significant risk factors. Preventive care includes use of

assessment tools to identify high-risk patients, frequent repositioning, air or foam

mattresses that reduce pressure over bony prominence, as well as careful attention

to optimizing the patient’s overall condition.

a.) Deoxyribonucleic Acid–Based Immunotherapy. Vaccines with live or

attenuated microorganisms, as well as purified recombinant protein and synthetic

peptide-based vaccines, present potential problems in the immunocompromised

host. These problems include the risk for severe infection due to the attenuated

organism in the vaccine, the patient’s weak immune response, and high costs.

Moreover, side effects are a concern in immunocompromised patients. Such

problems can be circumvented by gene immunization (113), which uses plasmid

DNA encoding antigens from microorganisms and leads to protective humoral-

and cellular-mediated immunity. A number of DNA-based vaccines have proved

effective in animal models for the prevention of nosocomial infectious organisms

such as methicillin-resistant S. aureus (MRSA) (114), P. aeruginosa (115),

Streptococcus spp. (116), and Mycobacterium tuberculosis (117).

VI. SUMMARY

The treatment of osteomyelitis involves many different interventions. Osteomye-

litis in immunocompromised hosts has a poor prognosis and a high incidence of

complications. A systematic approach to the susceptible patient leads to an earlier

diagnosis with improved survival rate and outcome. Successful treatment of
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osteomyelitis is predicated upon accurate classification of stage, identification of

the offending organism, surgical débridement, modification of host condition, and

prompt initiation of antibiotic therapy.
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I. INTRODUCTION

Bacterial contamination is a component of every surgical incision. Whether or not

contamination causes infection is determined by interplay between the patient’s

immune system and the number and virulence of contaminating organisms. One

of the methods available to the orthopedic surgeon for reducing bacterial load and

lowering the incidence of wound infection is the use of prophylactic antibiotics.

In this chapter we review the history and current rationale for the use of

prophylactic antibiotics in orthopedic surgery. We also address the timing of

antibiotic prophylaxis, the role of intraoperative dosage, the duration of prophy-

laxis, and the choice of agent for prophylaxis. In addition, we discuss the use of

antibiotic prophylaxis for arthroscopic surgery, total joint replacements, and

gunshot wounds. The use of prophylactic antibiotics for open fractures is

discussed in Chapter 5.

II. HISTORY AND RATIONALE

The first studies examining the use of prophylactic antibiotics in orthopedic

surgery suggested that their use led to a higher rate of postoperative infection (1).

In 1957, Tachdjian and Compere (2) retrospectively studied the infection rate in

1900 cases that received prophylactic antibiotics and 1100 cases that did not. The

antibiotics used were penicillin, penicillin and streptomycin, erythromycin,
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erythromycin and sulfonamide, and tetracycline-oxytetracycline-chlortetra-

cycline. The antibiotic group had 112 infections (5.9%) versus 29 infections

(2.6%) in the control group. On the basis of these results, the authors recom-

mended against the use of prophylactic antibiotics. However, the retrospective

nature of the study allowed for the possibility that the higher infection rate seen in

the antibiotic group was the result of the surgeon’s decision to give prophylactic

antibiotics only to patients who were at a greater risk for infection.

A prospective study arguing against the use of prophylactic antibiotics

followed in 1960. In a series of 500 consecutive patients, Olix and associates (3)

assigned every other patient 400,000 units of penicillin G and 0.5 gram of

dihydrostreptomycin every 12 hours for 3 to 7 days after surgery. When compared

to the control group, the antibiotic group had a 5.9% increased incidence of

wound infection. The authors did not specify when the antibiotics were given in

relation to the skin incision. The timing of administration could have played a role

in the higher incidence of wound infection.

In 1970, Fogelberg and colleagues (4) published a prospective study

demonstrating a decrease in postoperative wound infections with the use of

prophylactic penicillin after mold arthoplasties and spinal fusions. Every other

patient in a series of 232 consecutive cases of a single surgeon received two

preoperative and one intraoperative dose of penicillin. The penicillin was

continued until the fifth postoperative day. The infection rate in the patients

receiving penicillin was 1.7% compared to 8.9% in the control group, a

statistically significant difference. On the basis of these results, the authors

concluded that prophylactic penicillin was effective in lowering the incidence

of wound infection in clean orthopedic procedures, especially those of long

duration or those with a high frequency of deep sequestered hematomas.

This study was followed by a much larger, double-blind, prospective study

published by Pavel and coworkers (5) in 1974. One thousand ninety-one patients

undergoing clean orthopedic procedures lasting more than 30 minutes were

randomized into either an antibiotic or a placebo group. The antibiotic group

received 1 g of cephaloridine intramuscularly one hour prior to surgery and 1 g

intravenously over 4 hours during and after the operation. Twenty-five (2.8%) of

the 887 patients in the cephaloridine group had wound infections compared to 35

(5%) of the 704 patients in the placebo group, a difference that was statistically

significant. These results confirmed that an effective antibiotic, given preopera-

tively and continued intraoperatively, significantly reduces the rate of post-

operative infection.

Since the publication of Pavel and coworkers’ classic study, numerous other

studies have confirmed the efficacy of various prophylactic antibiotic combina-

tions in all types of clean orthopedic surgery. In 1996, Boxma and associates (6)

conducted a prospective, randomized, double-blind, placebo-controlled study of

2195 patients with closed limb fractures in the Dutch Trauma Trial. The 1105
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patients in the antibiotic group received a single, preoperative 2 g dose of

ceftriaxone. Ceftriaxone was chosen because of its broad spectrum of activity

and long-acting pharmacokinetic profile, which allows for bactericidal levels up

to 24 hours after dosage. In 36 (3.6%) of the patients in the ceftriaxone group

deep or superficial wound infections developed, whereas infections developed in

79 (8.3%) of the 1090 patients in the placebo group. The rate of nosocomial

infections, either urinary or respiratory, was 10.2% in the placebo group

compared to 2.3% in the ceftriaxone group. Gram-positive bacteria were found

in 74.5% of the wound infections, whereas gram-negative bacteria alone were

responsible for 65% of the nosocomial infections. These results clearly demon-

strate the efficacy of prophylactic antibiotics in reducing wound infections after

operative treatment of closed fractures.

The authors also performed a cost-effectiveness analysis based on their

data. Patients who had wound infections spent an average of 36 additional days in

the hospital, with approximately $22,000 in additional charges. On the basis of

the decreased rate of infection with prophylactic antibiotics, they estimated that if

all 2195 patients in the study received prophylaxis the cost savings would have

been $486 per patient.

In 2000, Gillespie and Walenkamp (7) performed a systematic review and

meta-analysis of all studies completed in the past 25 years involving antibiotic

prophylaxis of patients undergoing surgery for treatment of closed long bone

fractures. They identified 22 studies that involved 8307 patients who had internal

fixation or replacement arthroplasty after a fracture. Data from 1896 participants

in 10 trials comparing a preoperative dose and two or more postoperative doses of

parenteral antibiotics with a placebo or no treatment showed a 0.36 (95%

confidence interval [CI] 0.21–0.65) reduction in the risk of deep wound infec-

tions. There was also a 0.48 (CI 0.28–0.81) decrease in the relative risk of

superficial wound infections and a decrease of 0.66 (CI 0.43–1.0) in the relative

risk of urinary tract infections. Trials that compare a single preoperative dose of

parenteral antibiotic with a placebo or no treatment showed risk reductions of

0.40 (CI 0.24–0.67) in deep wound infections, 0.69 (CI 0.50–0.95) in superficial

wound infections, and 0.63 (0.53–0.76) in urinary tract infections. On the basis of

these results, the authors concluded that antibiotic prophylaxis for closed fracture

surgery is effective. They also concluded that, in light of this evidence, further

trials comparing prophylactic antibiotics to placebo are not ethical. Furthermore,

any trials comparing the effectiveness of different antibiotic regimens would have

to be extremely large to produce statistically significant results given the overall

low rate of infection with any antibiotic prophylaxis.

The large number of studies demonstrating the effectiveness of prophylactic

antibiotics in clean orthopedic surgery procedures has made their use the standard

of care; however, there continues to be controversy surrounding the timing of

administration, duration of prophylaxis, and choice of agent.
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III. TIMING OF PROPHYLACTIC ANTIBIOTICS

In light of multiple studies demonstrating the ineffectiveness of prophylactic

antibiotics published in the 1950s, Burke (8) examined the effect of timing on the

effectiveness of antibiotic prophylaxis. Using guinea pigs, he inoculated 2-cm

skin incisions with Staphylococcus aureus and gave the animals various anti-

biotics before, during, or after the time of bacterial contamination. He found that

incisions in animals that received the antibiotics 1 hour prior to inoculation were

clinically and microscopically indistinguishable from incisions inoculated with

dead bacteria. There was minimal inflammation of the incision if the antibiotics

were given at the same time as bacterial exposure. The degree of inflammation

continued to increase with delayed antibiotic administration. Furthermore, if the

antibiotics were given 3 hours or more after inoculation there was no difference

between the incisions of treated animals and those of animals that did not receive

any antibiotics. Burke’s results suggested that, in order for prophylactic anti-

biotics to be maximally effective, the antibiotics need to be present in the wound

at the time of incision.

The role of timing in the administration of antibiotic prophylaxis in surgery

involving bone was further studied by Bowers and colleagues in 1970 (9). They

used an experimental model that consisted of making 1- by 3-cm cortical

windows in canine femurs followed by marrow removal to ensure formation of

a hematoma. When cephaloridine was given 30 minutes before the incision, they

found high drug levels in the subsequent hematomas. With continued post-

operative dosage, bactericidal levels could be maintained for more than 64 hours.

In dogs whose hematomas were injected with staphylococci, doses of cephalor-

idine given 30 minutes preoperatively followed by 48 hours of postoperative

dosage resulted in hematomas that showed no clinical signs of infection and were

sterile on subsequent culture. If the antibiotics were not given preoperatively, but

started within the first 24 hours postoperatively, there were no clinical signs of

infection; however, wound aspirates grew out bacteria. When the antibiotics were

given more than 24 hours postoperatively, there was no difference between these

dogs and those that did not receive any antibiotics. Both sets of animals displayed

clinical signs of infection and had positive aspirate culture results. This study

demonstrates that, in surgery involving bone hematomas, prophylactic antibiotics

are most effective when given preoperatively. The results suggest that improper

timing of antibiotic administration with regard to the surgical incision may have

led to the lack of success of prophylactic antibiotics in several of the early studies.

In a prospective study in vivo, Classen and coworkers (10) examined the

timing of prophylactic antibiotic administration and the rate of surgical wound

infection. They studied 2847 patients who had clean or ‘‘clean-contaminated’’

procedures. The patients were divided into groups based on the timing of

antibiotic administration. The early group received antibiotics 2 to 24 hours

before surgery (n ¼ 369), the preoperative group received prophylaxis 0 to 2
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hours before the incision (n ¼ 1708), the perioperative group received antibiotics

within 3 hours of the incision (n ¼ 282), and the postoperative group received

prophylaxis 3 to 24 hours after the incision.

The majority of the procedures in this study were not orthopedic, 6% were

total knee arthroplasties, and 5% were total hip arthroplasties. The patients who

received antibiotics preoperatively had the lowest rate of infection at 0.6%

compared to 3.8% for the early group, 3.3% for the postoperative group, and

1.4% for the perioperative group. The authors concluded that (1) the timing of

prophylactic antibiotic administration has a significant impact on its effectiveness

and (2) antibiotics should be administered 0 to 2 hours before the surgical incision.

Johnson (11) examined the issue of timing of antibiotic prophylaxis and

tourniquet inflation in 22 patients who had total knee arthroplasty. The patients

were randomly assigned to receive 1.5 grams of cefuroxime intravenously 5, 10,

15, or 20 minutes before inflation of the tourniquet. All 22 patients were found to

have bactericidal concentrations of antibiotic in their bone; however, 6 of the 7

patients given cefuroxime 5 minutes before tourniquet inflation had inadequate

levels in the subcutaneous fat. All 15 patients had adequate levels in subcuta-

neous fat when 10 minutes or more elapsed between drug administration and

tourniquet inflation. The author concluded that, in order to ensure adequate

prophylaxis, the antibiotic should be given at least 10 minutes before inflation of

the tourniquet.

In summary, on the basis of the animal studies of Burke and Bowers and

coworkers it is clear that prophylactic antibiotics are most effective when they are

present in the tissues at the time of the surgical procedure. The antibiotics should

be administered within the 2 hours before the skin incision and at least 10

minutes before inflation of the tourniquet.

IV. INTRAOPERATIVE DOSAGE

Additional intraoperative doses of antibiotic should be given during prolonged

procedures at intervals one to two times the half-life of the drug to maintain

adequate levels throughout the operation (12). Meter and associates (13) found

that, even with blood loss of 2000 mL, it is not necessary to shorten the dose

interval of cefazolin to less than 4 hours.

V. DURATION OF PROPHYLAXIS

There are several theoretical reasons to limit the duration of prophylactic

antibiotics, including (1) a decrease in the risk of adverse drug reactions, (2) a

decrease in the development of resistant organisms, and (3) a decrease in cost.

Many of the original studies recommending prophylactic antibiotics in orthopedic

surgery used up to 7 days of antibiotic administration.
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In 1983, Nelson and colleagues (14) compared 1-day to 7-days of antibiotic

prophylaxis in patients undergoing total hip arthroplasties, total knee arthroplasties,

and hip fracture repair. Three hundred fifty-four patients were divided into two

groups. Both groups received one dose of antibiotic 20 minutes before incision. In

the 7-day group (n ¼ 172), the antibiotic was continued intravenously every 6

hours for 3 days and then orally for 4 days, whereas the 1-day group (n ¼ 186)

received only 24 hours of antibiotic. The drug used was nafcillin or, in the case of

allergy, cefazolin. The 24-hour group had three (1.6%) deep wound infections; the

7-day group had four (2.3%) infections. The authors concluded that there is no

difference in efficacy between 1 and 7-day courses of prophylactic antibiotics.

Williams and Gustilo (15) confirmed these results when they retrospec-

tively reviewed the incidence of infection in 1791 total joint arthroplasties

performed over 7 years. For the first 4 years, they used 3 days of antibiotic

prophylaxis in 1341 joint replacements with an infection rate of 0.6%. Over the

following 3 years, the authors used two grams of cefazolin preoperatively and 1

gram every 8 hours for 24 hours postoperatively in 450 total joint arthroplasties

and had an infection rate of 0.67%. On the basis of these results, the authors

recommended only 24 hours of antibiotic prophylaxis.

In their (previously mentioned) review, Gillespie and Walenkamp (7)

examined several studies that compared single-dose prophylaxis with multiple-

dose prophylaxis. Although the results in this area are conflicting, the authors

concluded that single-dose prophylaxis is effective if the agent used provides

minimal inhibitory concentration over a 12-hour period. The Dutch Trauma Trial

(6), which showed a significant decrease in infection with a single dose of

ceftriaxone, strongly supports this conclusion. If the antibiotic chosen for

prophylaxis has a shorter half-life, then additional doses providing coverage for

at least 12 hours should be used.

VI. CHOICE OF AGENT

The ideal prophylactic antibiotic is active against common wound pathogens, has

a relatively long serum half-life, penetrates the bone and soft tissue well, causes

no adverse reactions, and is inexpensive (16). The goal of prophylaxis is not to

ensure coverage of every conceivable pathogen, but to inhibit the most likely

organisms to be encountered adequately. The primary bacterial contaminants in

clean orthopedic surgery are Staphylococcus aureus and Staphylococcus epider-

midis (16). The antistaphylococcal synthetic penicillin derivatives, such as

nafcillin, provide adequate protection against gram-positive bacteria but are

ineffective against gram-negative rods that occasionally cause postoperative

infection. The first-generation cephalosporins are effective against the majority

of staphylococci as well as other gram-positive organisms, the majority of

clinically important aerobic gram-negative bacilli, and nonbacteroid anaerobes

(16). The first-generation cephalosporins provide better gram-positive coverage
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than second- and third-generations drugs, making them better suited for ortho-

pedic surgical prophylaxis.

The studies demonstrating the effectiveness of prophylactic antibiotics have

been conducted with numerous agents. No one drug has been shown conclusively

to be superior. The most common choice for prophylaxis in the United States is

the first-generation cephalosporin cefazolin. Its spectrum of activity, pharmaco-

kinetics, cost, and safety make it an excellent choice. Compared to the other first-

generation cephalosporins, cefazolin has a higher peak level and longer half-life

in both bone and serum (17). The longer half-life allows for less frequent

administration, which makes cefazolin less expensive to use than other first-

generation cephalosporins (16).

The half-life of cefazolin is not long enough to allow for one-time dosage

as was done with ceftriaxone in the Dutch Trauma Trial. Additionally, there are

several arguments against using ceftriaxone as a prophylactic antibiotic. Ceftriax-

one is a third-generation cephalosporin, and, as previously mentioned, first-

generation cephalosporins have superior gram-positive coverage to third-genera-

tion drugs. In many hospitals, ceftriaxone is the first-line agent for several types

of infections, including meningitis. Induction of resistance after widespread use

of this drug as a prophylactic agent would be a legitimate concern.

The main adverse effects of cefazolin, and all of the other first-generation

cephalosporins, are hypersensitivity reactions (16). These include rash, utricaria,

eosinophilia, drug fever, angioedema, and anaphylaxis. These reactions tend to be

rare and are normally reversible with cessation of the drug (18).

We recommend 1 gram of intravenous cefazolin given up to 2 hours before

skin incision. An additional 1-gram dose should be administered if the duration of

surgery exceeds 4 hours. The antibiotic can then be continued at 500mg

intravenously every 8 hours for 24 hours postoperatively. In patients with a

history of severe allergic reaction (urticaria, angioedema, or anaphylaxis) to a

penicillin or cephalosporin, vancomycin is an appropriate alternative for prophy-

laxis. One gram should be administered intravenously up to 2 hours before

incision followed by 1 g every 12 hours for 24 hours. One of the major

disadvantages of vancomycin is its association with the ‘‘red man syndrome.’’

This syndrome, which may include flushing, puritis, chest pain, or hypotension, is

related to the infusion rate and should not be misinterpreted as an allergic reaction

precluding further use of the drug (18).

In institutions with a prevalence of methacillin-resistant Staphylococcus

aureus (MRSA) greater than 10%–20% or a high incidence of coagulase-negative

Staphylococcus spp., vancomycin can be used as the first-line prophylactic agent.

In Europe, the glycopeptide teicoplanin is emerging as a viable alternative to

vancomycin. Recent studies have demonstrated equivalent or superior effective-

ness in comparisons with MRSA. Mini and coworkers (19) performed a meta-

analysis of four randomized trials comparing teicoplanin to cephalosporins for

antibiotic prophylaxis in orthopedic surgery. They found similar rates of infection
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and adverse events. Teicoplanin appears to be as efficacious as vancomycin with

fewer adverse effects and no requirement for routine serum monitoring (20). One

advantage of teicoplanin is that its long half-life (36–172 hours) allows for one

400mg dose before surgery. Unfortunately, this drug is not currently available in

the United States. In order to avoid increased resistance to the glycopeptide

antibiotics, the use of these drugs should be restricted to patients with allergies to

cephalosporins or institutions with high rates of MRSA.

VII. ANTIBIOTIC PROPHYLAXIS FOR ARTHROSCOPY

One category of procedures in which the routine use of prophylactic antibiotics is

not recommended is arthroscopic surgery that does not involve the placement of

foreign materials. Wieck and associates (21) performed a prospective, double-

blind study of 437 patients who had arthroscopic procedures. Patients were

randomized to receive either 1 g of cefazolin or placebo for prophylaxis. None of

the patients in either group had a deep wound infection, but one patient did have

an allergic reaction to cefazolin that required treatment with diphenhydramine

hydrochloride (Benadryl). The short duration of the procedures combined with

the decreased area of tissue exposure make the use of prophylactic antibiotics

unnecessary.

VIII. ANTIBIOTIC PROPHYLAXIS IN TOTAL JOINT
REPLACEMENT SURGERY

Infection is one of the most devastating complications of total joint replacement

surgery. Treatment of infection almost always requires additional surgical

procedures and often replacement of the prosthesis. Consequently, the role of

prophylactic antibiotics for patients receiving total joint replacements has been

studied extensively. The efficacy and recommendations for prophylactic anti-

biotics in patients having primary joint replacements are the same as those for

patients having other clean orthopedic procedures. However, the following three

areas deserve special attention: the tuning of prophylactic antibiotic administra-

tion in patients who have revision joint surgery, the use of antibiotic-impregnated

bone cement as prophylaxis for primary joint replacements, and the need for

antibiotic prophylaxis in patients with total joint replacements who have proce-

dures that cause transient bacteremia.

Traditionally, prophylactic antibiotics have been withheld for patients

undergoing revision surgery for total joint replacements until tissue surrounding

the prosthesis could be collected for culture. Given that the majority of revisions
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are aseptic, Hanssen and Osmon have questioned this practice (22). They suggest

that, in patients for whom there is a high clinical likelihood of infection, or those

with confirmed infection, antibiotics should be held until cultures are obtained.

However, all other patients who have revisions should be given antibiotics before

skin incision in order to derive maximal effectiveness from the prophylaxis.

Since the use of antibiotic-impregnated bone cement is limited primarily to

patients undergoing treatment of total joint infections, this topic is discussed in

Chapters 9 and 10. However, we do wish to point out a large, retrospective study

addressing the use of such cement as prophylaxis for primary joint arthroplasties.

In 1997, Espehaug and associates (23) reviewed 10,905 primary cemented total

hip arthroplasties performed in Norway between 1987 and 1995. The authors

compared infection rates for patients receiving antibiotic-containing cement plus

systemic antibiotic prophylaxis, systemic antibiotic prophylaxis alone, antibiotic-

containing cement prophylaxis alone, or no antibiotic prophylaxis. Patients who

received prophylaxis both systemically and in the cement had the lowest rate of

revision due to infection. Those receiving only systemic antibiotic prophylaxis

had a revision rate 4.3 times higher and those receiving only antibiotic-

impregnated bone cement had a revision rate 6.3 times higher. The revision

rate for patients receiving no antibiotic prophylaxis was 11.5 times higher. The

authors concluded that systemic antibiotics combined with antibiotic-impreg-

nated cement provides the best prophylaxis for total hip arthroplasties. However,

before the use of antibiotic-impregnated bone cement can be recommended for

routine primary joint arthroplasties, prospective, randomized trials are needed to

study the rate of infection and the risk of increased microbial resistance (22).

The issue of prophylactic antibiotic administration for patients with joint

arthroplasties undergoing procedures that may cause transient bacteremia remains

controversial. Deacon and colleagues (24) reviewed the site of primary infection

or procedure that was reported to have led to infection in 180 hematogenously

spread prosthetic joint infections. They found that only 34 (19%) of these

infections were caused by a procedure and that the major predisposing condition

for hematogenous infection was an acute or chronic infectious process elsewhere

in the body. They concluded that, except for patients with predisposing factors

for late infection, such as rheumatoid arthritis or hemophilia, prophylactic

antibiotics are unnecessary for patients with joint replacements who are having

procedures.

Ainscow and Denham (25) studied 1000 patients who received 1112 joint

replacements between 1966 and 1980. The patients were not instructed to take

prophylactic antibiotics for dental or surgical procedures and were followed for an

average of 6 years. Only 2 or 3 of these 1000 patients had hematogenous joint

infections and 2 of them had rheumatoid arthritis. None of the infections occurred

in the 224 patients who had dental or operative procedures.
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There is some evidence to suggest that all patients are more susceptible to

hematogenous prosthetic joint infections in the first 2 years after insertion of their

joint. Hanssen and Osmon (22) found that the rate of deep wound infections in

prosthetic joints is highest in the first 3 months after implantation and then

gradually decreases to a stable rate of incidence 18 to 24 months after surgery.

They suggest that the initial increased rate of infection is due not only to local

factors affecting the wound, but also to an increased susceptibility to hemato-

genous infection during this period. They recommend that patients postpone any

elective procedures that may cause transient bacteremia during the first 2 years

after joint replacement.

Despite the conflicting evidence, antibiotics are frequently prescribed for

prophylaxis before dental procedures because of the frequency of such proce-

dures, the well-defined occurrence of bacteremia, and the data supporting the use

of prophylactic antibiotics to prevent endocarditis after dental procedures (24). A

1994 survey showed that a majority of dentists (n ¼ 36) and orthopedists

(n ¼ 44) believe that patients with prosthetic joints should receive prophylactic

antibiotics before dental procedures (66% and 81%, respectively) (26).

Waldman and coworkers (27) retrospectively reviewed 3490 patients treated

with total knee arthroplasties between 1982 and 1993. Sixty-two of these patients

had developed late infections and 7 (11%) of these infections were strongly

associated with dental procedures. All of the dental procedures that caused

infection were extensive in nature, lasting between 75 and 205 minutes. The

majority of these patients had a systemic disease, either diabetes or rheumatoid

arthritis, that predisposed them to infection. The authors concluded that patients

with total knee arthroplasties with underlying conditions that increase their risk

for infection should receive prophylactic antibiotics when they have extensive

dental procedures.

Jacobson and colleagues (28) and Gillespie (29), among others, have per-

formed extensive cost analyses on the subject. However, there is no clear, reliable

outcome because the estimates of the rate of infection after dental procedures per-

formed with and without antibiotics are based on extremely limited and question-

able data. Prophylaxis can appear more or less cost-effective than no prophylaxis

with small variations in the rates of infections or choice of antibiotic (24).

An expert panel from the American Dental Association and the American

Academy of Orthopaedic Surgeons released an advisory statement in 1997

concerning antibiotic prophylaxis for patients with joint arthroplasties undergoing

dental work (30). The statement stratifies dental procedures into two groups,

which are based on a high or low association with bacteremia (Table 1). Patients

with a variety of systemic conditions are described as at increased risk for

hematogenous joint infection (Table 2). Of note, the panel considers all patients to

be high-risk within the first 2 years of joint placement. The statement recom-

mends the use of prophylactic antibiotics in high-risk patients undergoing high-
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risk procedures. Since all patients are considered high-risk for the first 2 years,

they should all receive prophylactic antibiotics for high-risk dental procedures

during this period. After 2 years, only patients who are predisposed to infection

should be given prophylaxis. Patients should not be given prophylaxis for low-

risk dental procedures. The statement also contains recommendations of anti-

biotic regimens for dental prophylaxis (Table 3).

The American Society for Gastrointestinal Endoscopy does not recommend

antibiotic prophylaxis for any endoscopic procedures in patients with prosthetic

joints (31). Although there are no published guidelines for patients undergoing

cystoscopy, Deacon and colleagues recommend prophylactic antibiotics only

when preprocedure urine analysis indicates the presence of infection (24). In this

situation, the choice of antibiotic should be directed by sensitivity testing of

organisms from a urine culture.

Table 1 Risk of Bacteremia with Various Dental Procedures

High incidence Low incidence

Dental extractions

Periodontal procedures including

surgery, subgingival placement of

Restorative dentistry (operative and

prosthodontic) with or without

retraction cord

antibiotic fibers=strips, scaling and root

planing, and probing recall maintenance

Local anesthetic injections

(nonintraligamentary)

Dental implant placement and reimplantation

of avulsed teeth

Intracanal endodontic treatment;

placement and buildup

Endodontic (root canal) instrumentation or

surgery only beyond the apex

Placement of rubber dam

Postoperative suture removal

Initial placement of orthodontic bands, but

not brackets

Intraligamentary local anesthetic injections

Placement of removable

prosthodontic=orthodontic
appliances

Prophylactic cleaning of teeth or implants

when bleeding is anticipated

Taking of oral impressions

Fluoride treatments

Taking of oral radiographs

Orthodontic appliance adjustment

Table 2 Patients at Increased Risk of Hematogenous Total Joint Infection

First 2 years after joint replacement

Inflammatory arthropathies: rheumatoid arthritis, systemic lupus erythematosus

Disease-, drug- or radiation-induced immunosuppression

Insulin-dependent (type 1) diabetes

Previous prosthetic joint infections

Malnourishment

Hemophilia
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IX. GUNSHOT WOUNDS

The use of prophylactic antibiotics after gunshot wounds causing injury to the

musculoskeletal system remains controversial. It is generally accepted that high-

velocity, high-energy gunshot wounds should be considered open injuries and

treated with immediate and aggressive irrigation and débridement (32). Anti-

biotics should be administered according to open-fracture protocols.

Treatment of low-velocity, low-energy gunshot wounds is primarily

dictated by the bone injuries. These injuries can be considered closed fractures.

If a fracture can be easily managed nonoperatively, surgical treatment should not

be used since it can increase the risk of infection by further disruption of the soft

tissues (32). If the nature of the fracture indicates operative treatment, then

prophylactic antibiotics should be given as in any other orthopedic procedure.

Cefazolin, administered within 2 hours before the skin incision and continued

every 8 hours for 24 hours, remains the ideal agent.

Patients treated nonoperatively probably do not require antibiotics unless

they have grossly contaminated wounds. However, because contamination is not

always apparent, the current consensus favors prophylactic antibiotics in this

situation (32). Hansraj and associates (33) suggest 48 hours of antibiotic coverage

for fractures caused by gunshot wounds that are treated nonoperatively. They

found a cost savings of $2,348 per patient when using ceftriaxone instead of

cefazolin. Although the cost of cefazolin was nearly five times lower, the use of

ceftriaxone was less expensive because its longer half-life allowed for 24 instead

of 48 hours of hospitalization.

In a prospective, randomized trial, Knapp and colleagues (34) compared 3

days of intravenous cephapirin sodium and gentamicin to 3 days of oral

ciprofloxacin in patients with fractures caused by low-velocity gunshot

wounds. They found a 2% infection rate in both sets of patients and concluded

that oral antibiotics are effective for prophylaxis after low-velocity gunshot

wounds. These results confirmed the earlier findings of Woloszyn and coworkers

(35) that 7 to 10 days of oral cephalexin is as effective as intravenous antibiotics

in preventing infection after low-velocity gunshot wounds.

Table 3 Suggested Antibiotic Prophylaxis Regimens

Patients not allergic to penicillin: amoxicillin, cephalexin, or cephradine 2 g orally 1 hour

before procedure

Patients not allergic to penicillin and unable to take oral medications: ampicillin 2 g or

cefazolin 1 g intramuscular or intravenous 1 hour before procedure

Patients allergic to penicillin: clindamycin 600mg orally 1 hour before procedure

Patients allergic to penicillin and unable to take oral medications: clindamycin 600mg

intravenous 1 hour before procedure
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On the basis of these studies, we recommend 72 hours of oral ciprofloxacin

prophylaxis for low-velocity gunshot wound patients with nonsurgical muscu-

loskeletal injuries, if the patient can obtain the medication. Many gunshot wound

patients do not have access to or cannot afford outpatient ciprofloxacin. We

recommend 1 g of intravenous cefazolin before discharge from the emergency

department. This is clearly an area in which the ideal agent for prophylaxis and

length of antibiotic coverage need further clarification.

Tetanus prophylaxis with 0.5mL of tetanus toxoid is indicated for all

gunshot wound patients who have not had a booster within the past 5 years or are

unsure of their immunization history. Those who are not completely immunized

(fewer than three previous immunizations) should be given toxoid in addition to

250–500 units of human tetanus immune globulin (32).

X. SUMMARY

There is ample evidence to recommend the use of prophylactic antibiotics in

patients who have clean orthopedic surgical procedures, with the exception of

arthroscopic procedures that do not involve the placement of foreign material. For

maximal effectiveness, the prophylaxis should be administered within the 2 hours

preceding the skin incision and the dosage repeated to maintain bacteriocidal

levels for 12 hours. There is no need for continued dosage more than 24 hours

after surgery. Cefazolin is an appropriate choice for prophylaxis; vancomycin is

reserved for cases in which there is a high risk of MRSA or allergy to cefazolin.

There is very little to be gained from additional studies comparing the use

of prophylactic antibiotics to that of placebos. Future studies comparing the

efficacy of various prophylactic antibiotic regimens need to be extremely large in

order to demonstrate significant effect, since the baseline rate of infection is very

low with any form of effective prophylaxis. The role of prophylaxis against

MRSA deserves additional study since the prevalence of MRSA in the hospital

setting is likely to continue to rise in the future.

For patients with total joint replacements who have dental procedures, the

current recommendations are for the use of prophylactic antibiotics for all

patients who have procedures with a high risk of bacteremia for the first 2

years after arthroplasty and only for patients at an increased risk of infection

thereafter. These recommendations are likely to continue to change in the future

as the true risk of hematogenous infection after dental procedures is elucidated.
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5
Open Fractures

Current Concepts of Management
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I. INTRODUCTION

Open fractures represent injuries of considerable severity with variable potential

for an adverse prognosis. These injuries continue to constitute a challenging

problem, despite advances in the care of musculoskeletal injuries. The orthopedic

surgeon can play a critical role in determination of the final outcome by prompt

and judicious intervention. Therefore, a thorough understanding of the manage-

ment principles of open fractures is mandatory.

A. Historical Perspective

In recent history, open fractures were considered injuries of grave prognosis.

Preservation of life was frequently an unattainable goal, and amputation of the

extremity was routine. In the l9th century, Billroth reported a mortality rate of

approximately 50% in patients with open fractures of the lower leg (1). The

treatment of fractures secondary to gunshot wounds consisted of immediate

amputation. In the American Civil War, 26% of patients died; the mortality rate

reached 54% among those with thigh amputations (2). Guidelines for contami-

nated tissue resection, foreign body removal, and prevention of primary wound

closure later than 8 hours after the injury were proposed at the end of the First

World War (3).
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Considerable improvements of open fracture care have emerged in the past

three decades. These include increased understanding of infection and fracture

biological principles, improved implants and devices for fracture stabilization,

microsurgical procedures for revascularization of dysvascular extremities, and

reconstruction of the soft tissue envelope.

Thus, we now aim to prevent clostridial myonecrosis, prevent infection at

the fracture site, achieve fracture union, and restore function.

B. Definition

A fracture is characterized as open when it is accompanied by soft tissue

disruption that establishes communication of the fracture site with the outside

environment.

C. Etiological and Pathophysiological Characteristics

Open fractures are usually the result of high-energy trauma. Motorcycle, motor

vehicle, and pedestrian injuries account for the majority of cases (4,5). The

consequences of a high-energy injury that results in an open fracture should not

be viewed only in the context of the fractured bone. The surrounding soft tissues,

the whole extremity, and, even more importantly, the whole patient should be

considered.

1. Bone

High-energy trauma can result in comminution, displacement, periosteal strip-

ping, and denudation of bone fragments from their soft tissue attachments. Even

extrication and loss of fragments are possible. Thus, the structural integrity of

the bone is severely compromised and viability of the osseous fragments is en-

dangered.

2. Soft Tissues

The soft tissues are disrupted to a variable degree in all open fractures. This

disruption has several adverse consequences:

1. Loss of coverage: Bone, articular cartilage, tendons, and nerves may be

exposed to a variable degree. Desiccation and irreversible structural

damage occur. In addition, hardware is left exposed and infection is

facilitated.

2. Compromised vascularity: Soft tissue injury compromises vascularity

at the fracture site and predisposes to a diminished healing potential. In
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addition, the host defense mechanism response to the contamination

insult is impaired.

3. Communication of fracture with environment: Contamination with

infectious microorganisms is an unavoidable complication of all

open fractures (6–8). Furthermore, the wound may also be contami-

nated with foreign material introduced during the injury, which serves

as a nidus for infection. The fracture hematoma occupies the zone of

injury, extends along fascial planes, fills dead spaces, and serves as a

culture medium for microorganisms, in addition to any devitalized

tissues present.

3. Extremity

The injury may have further consequences on the extremity. Neurovascular

compromise may be present, endangering limb viability. It should also be

remembered that the presence of an open fracture wound does not preclude

development of compartment syndrome, which has been reported to occur in 9%

of cases, especially in injuries with a severe crushing component (9).

4. Patient

Open fractures can be accompanied by potentially life-threatening trauma of other

organ systems, or by musculoskeletal injuries at other body regions. Associated

injuries involving intra-abdominal organs, chest, skull, pelvis, and major blood

vessels have been described in 50% of open fracture patients (4). Thus, detailed

evaluation of the patient who has an open fracture by the trauma team and

appropriate resuscitation are necessary.

II. PRINCIPLES OF MANAGEMENT

The main principles of open fracture management include the following:

Evaluation of the injury

Use of antimicrobials

Soft tissue considerations

Skeletal fixation

Early bone grafting

A. Evaluation of the injury

Careful assessment of the open fracture includes the mechanism of injury, the

neurovascular status of the extremity, the condition of the soft tissues, the

presence of contamination, and the fracture characteristics.
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The severity of injury can vary considerably among cases. Therefore, a

classification system of open fractures, based on the assessment indicated, is

useful to describe the injury, provide guidelines for treatment, determine prog-

nosis, and aid in the comparison of various treatment modalities for research

purposes.

The classification system of Gustilo and Anderson, subsequently modified

by Gustilo, Mendoza, and Williams, has been widely used (8,10). This classifica-

tion comprises the following types:

Type I: Puncture wound of 1 cm or less, with minimal contamination or

muscle crushing.

Type II: Laceration more than 1 cm long with moderate soft tissue damage

and crushing. Bone coverage is adequate and comminution is minimal.

Type IIIA: Extensive soft tissue damage, often due to a high-velocity injury

with a severe crushing component. However, bone coverage is adequate.

Massively contaminated wounds, and severely comminuted or segmen-

tal fractures, are included in this subtype.

Type IIIB: Extensive soft tissue damage with periosteal stripping and bone

exposure, usually associated with massive contamination and severe

bone comminution. Flap coverage is required.

Type IIIC: Arterial injury requiring repair.

However, the reliability of this classification has been questioned. Brum-

back and Jones evaluated the responses of 245 orthopedic surgeons who were

also asked to classify 12 open fractures of the tibia on the basis of videotaped

case presentations. The average agreement among the observers for all 12

fractures was 60% overall, and specifically 66% for academic orthopedic

surgeons and 59% for residents and fellows (11).

In fact, on admission of the patient to the emergency department, the true

extent and severity of the injury cannot be accurately assessed. Therefore,

classification of the fracture should be done only in the operative room, after

exploration and débridement of the wound. We want to emphasize the importance

of contamination and crushing in classifying an open fracture. These are

important factors that should not be mistakenly overlooked in a wound of

small size.

B. Use of Antimicrobials

Prevention of subsequent infection is a major focus of the treatment of open

fractures. Around 50% to 70% of patients with open fractures have bacterial

contamination of their wounds. Antibiotics are not used as ‘‘prophylaxis’’ in these

wounds, but rather as treatment of wound contamination. Presumptive antibiotic

therapy has been shown to decrease the risk of the development of infection in

134 Patzakis et al.



patients with open fractures. Patzakis and colleagues showed a decrease of

infection rate from 13.9% to 2.3% when patients with open fractures were treated

with a cephalosporin. The single most important factor in reducing the infection

rate is the early administration of antibiotics (6).

However, the organisms initially present in the wound are usually not the

organisms that cause later infection. Most infections are caused by organisms

found in the hospital environment, such as staphylococci and aerobic gram-

negative bacilli. In highly contaminated open fractures and those from special

environmental circumstances, other organisms can be found. Anaerobes, espe-

cially Clostridium perfringen, are a special concern in patients who have highly

contaminated fractures. Other anaerobes and enteric gram-negative bacilli may be

associated with open fractures in a farm or barnyard environment.

The choice of which antibiotic to use should be governed by what are

thought to be the likely organisms to cause infection. The optimal regimen of

systemic antibiotics and the optimal length of therapy remain controversial.

Antibiotic regimens that have been recommended include cefazolin plus genta-

micin or tobramycin, ticarcillin=clavulanate, or a quinolone such as ciprofloxacin.
Special circumstances of extensive environmental exposure may require the

regimens with broader-spectrum coverage, including coverage of anaerobes.

The length of antibiotic therapy is generally 3 days, although some authors

have suggested that 1 day is adequate (12,13). Prolonged therapy may select for

resistant organisms.

Many physicians have used local administration of antibiotics in irrigation

fluid routinely during surgery. A standard irrigation consists of 8 liters of sterile

saline solution, followed by 2 liters of antibiotic fluid consisting of 50,000 units

of bacitracin and 1 million units of polymyxin per liter of saline solution.

Although topical antibiotics are used routinely in irrigation fluid, their efficacy

has never been scientifically demonstrated in open fracture management.

Local therapy with antibiotic-impregnated polymethylmethacrylate

(PMMA) beads provides high local levels of antibiotic while minimizing

systemic toxicity. Osterman and colleagues found that adding tobramycin-

impregnated PMMA beads to a regimen of intravenous penicillin, cefazolin,

and tobramycin decreased the infection rate of open fractures from 12% to 3.7%

(14). Currently, many surgeons use a bead pouch, with tobramycin-impregnated

PMMA beads placed in the open surgical wound after irrigation and débridement,

and covered with an Opsite dressing. Elution of antibiotic from the beads requires

fluid in the wound and is related to the size of the beads (smaller beads elute more

antibiotic) and the concentration of antibiotic in the cement.

One of the greatest problems for the future is the growing frequency of

antimicrobial resistance in bacteria. Methicillin-resistant Staphylococcus aureus

has been known for decades, but its incidence is growing, even among

nonhospitalized patients. Multidrug-resistant gram-negative bacilli are becoming
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an increasing problem, limiting the treatment options that are available. Vanco-

mycin-resistant Enterococcus faecium has become a major problem in nosoco-

mial infections in the United States but thus far has been rarely seen in

osteomyelitis. The greatest concern is the development of vancomycin-resistant

Staphylococcus aureus, which has now been identified in patients in Japan, the

United States, and Europe. Although this has not yet been reported as a cause of

osteomyelitis, bone infections with this organism could be catastrophic since it is

resistant to the standard antibiotics used in empirical therapy.

C. Soft Tissue Considerations

Wound management includes irrigation and débridement, and subsequently either

wound closure if adequate coverage can be achieved with the soft tissues

available, or soft tissue reconstruction with local or free muscle flaps.

Thorough irrigation and surgical débridement are the most important

principles in open fracture management. Removal of all devitalized tissues and

foreign material from the wound is key to the prevention of infection, since they

promote the growth of microorganisms and at the same time constitute a barrier

for the host’s defense mechanisms.

Irrigation mechanically removes foreign bodies and reduces the bacterial

concentration. Although consensus exists on the necessity of irrigation, the

irrigation solution and the pressure with which it should be delivered remain

controversial. High pressure pulsatile lavage was associated in experimental

studies with a detrimental effect on early new bone formation (15) and damage

to bone architecture with bacterial seeding into the intramedullary canal (16).

Low-pressure lavage, however, may not be as effective in removing adherent

bacteria if more than 6 hours has elapsed since the injury (17). However, no

clinical studies have addressed the effects of different irrigation methods on

infection and fracture healing. We advocate irrigating the wound with 10 liters of

saline solution by gravity tubing.

Radical débridement to eliminate all nonviable tissue and foreign material is

critical in the management of open injuries. Débridement should be performed in

the operating room. A tourniquet is applied to the extremity, to be used only when

necessary. Débridement without inflation of the tourniquet can make identifica-

tion of viable tissues easier and prevent additional tissue damage secondary to

ischemia. However, Godina has advocated the judicious use of the tourniquet to

facilitate visualization of the extent of injury in a bloodless field (18).

When the injury wound is insufficient for thorough assessment of the

injury, such as in type I and II open fractures, the existing wound should be

extended to facilitate débridement. It should be extended so as to respect the

vascularity of soft tissue flaps, and facilitate fracture fixation and anticipated

reconstructive procedures, whenever possible.
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Skin and subcutaneous tissues are sharply débrided back to bleeding edges.

Muscle is débrided until bleeding is visualized. Viable muscle can be identified

by its bleeding, color, and contractility. Bone fragments devoid of soft tissue

attachments are avascular and should be discarded, unless they constitute part of

an articular surface. Hemostasis should be achieved. Débridement should be

performed at 24- to 48-hour intervals, according to the degree of contamination

and soft tissue damage, until a clean wound with viable tissues and no signs of

infection is present. In injuries with extensive soft tissue damage requiring flap

coverage, débridement should be also repeated at the time of the procedure.

The optimal time for wound closure is still debated. Primary wound

closure, after a thorough débridement, prevents secondary contamination and

has been associated with slightly decreased, but not statistically significant,

infection rates (7). However, the main disadvantage of primary closure is the

potential for gas gangrene. Gas gangrene (clostridial myonecrosis) is a cata-

strophic complication that may lead not only to loss of the limb, but to death of

the patient as well (19). Primary wound closure, inadequate débridement, and

inadequate antibiotic therapy are the factors that increase the risk of this

complication (20).

Delayed wound closure, within 3–7 days, prevents anaerobic conditions in

the wound, permits drainage, allows for repeat débridements at 24- to 48-hour

intervals, gives time to tissues of questionable viability to declare themselves, and

facilitates use of the antibiotic beadpouch technique. Sealing of the wound with

OpSite prevents secondary contamination and makes delayed wound closure even

more preferable.

However, the additional surgical wound, created in order to assess the

condition of the bone and soft tissues and facilitate débridement, can be safely

closed primarily in type I and II open fractures, leaving the injury wound open. If

the injury wound is directly over the bone, it can be closed, and the wound away

from the fracture site left open. This technique proved useful in our experience

and we have coined the term partial wound closure to describe it (21). In type III

injuries, we advocate leaving the wound open in its entirety.

When extensive damage to the soft tissues is present, as in type IIIB open

fractures, usually occurring at the tibia, adequate coverage may not be possible

and soft tissue reconstruction should be performed. The importance of a viable

soft tissue envelope cannot be overemphasized. The soft tissue envelope is a

source of vascularity at the fracture site; therefore, it promotes fracture healing,

delivery of antibiotics, and action of the host defense mechanisms. It provides

durable coverage, which prevents secondary contamination of the wound and

desiccation of bone, articular cartilage, tendons, and nerves, which would be

irreversibly damaged if exposed.

The selection of coverage depends on the location and magnitude of the

soft tissue defect (22–24). Soft tissue reconstruction is usually achieved with local
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or free muscle transfers, and a microvascular surgeon should always evaluate an

open fracture with extensive soft tissue damage and participate in its manage-

ment.

Local pedicle muscle flaps include the gastrocnemius for proximal third

tibia fractures and the soleus for middle third fractures. In distal third tibia

fractures free muscle flaps are necessary. The latissimus dorsi, the rectus

abdominis, and the gracilis muscle may be transferred (25,26). In our opinion,

free muscle flaps may be considered even in more proximally located fractures for

two reasons. First, the local muscles usually participate in the zone of injury; thus

their condition and viability may not be optimal. Interestingly, Pollak and

colleagues concluded that use of a free flap in limbs with a severe osseous

injury was significantly less likely to lead to wound complications necessitating

operative treatment when compared to a rotational flap (26). Second, even if they

are not damaged, their transfer deprives the already traumatized leg of their

function (27). On the other hand, free muscle transfer is more demanding,

technically for the surgeon and physiologically for the patient. In injuries with

exposed tendons, fasciocutaneous flaps, such as the radial forearm flap, are

preferred to facilitate tendon gliding.

Soft tissue reconstruction should be performed early, within the first 7

days. Delays beyond 7 to 10 days have been associated with increased flap and

infectious complications (28,29). Early flap coverage decreased the deep

infection rate from 69% (9 of 13 wounds) to 18% (2 of 11) in a study by

Fisher and associates (28). Cierny and associates observed a 50% infection rate

(6 of 12 wounds) with delayed coverage, but only 4% (1 of 24) with early

muscle transfer (29). Godina even argued in favor of flap coverage within 72

hours. He observed flap failure in less than 1% (1=134) of early cases compared

to 12% (20=167) in patients operated from 4 to 90 days. The infection rate was

only 1.5% (2=134) in the early group, whereas it increased to 17.5% (29=167) in
the other group (18). The experience of Gopal and associates with an early

aggressive protocol in type IIIB and IIIC open fractures was also satisfactory. In

their series, deep infection developed in 6% (4=63) of fractures that were covered
within 72 hours, in contrast to 29% (6=21) in the ones with coverage beyond 72

hours (25).

It should be stressed that in all these studies the antibiotic bead pouch had

not been used, and therefore secondary contamination was a major factor

contributing to the infectious complications.

D. Salvage or Amputation?

Salvage and reconstruction of a severely traumatized extremity, although possible

with the advances in microsurgical techniques, are not always indicated. The

treating surgeon may be confronted with the dilemma of salvage versus amputa-
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tion of a nonviable extremity with a type IIIC open fracture or a mangled

extremity with a IIIB fracture.

The appropriate decision is difficult, since recovery of function in a

salvaged but severely injured extremity may be limited or absent. Thus, multiple

reconstructive procedures with associated morbidity and prolonged hospitaliza-

tion may be too expensive a price to pay for the end result of a useless and painful

limb. Moreover, leg prostheses offer satisfactory restoration of function, espe-

cially for below-knee amputations. Georgiadis and coworkers concluded that

early below-knee amputation resulted in faster recovery and reduced long-term

disability in comparison with successful limb salvage (30).

In deciding how best to treat the mangled extremity, a variety of factors,

broadly classified as patient and extremity factors, should be considered. Patient

factors include the general condition and age of the patient. Associated injuries

resulting in cardiopulmonary or hemodynamic compromise, as well as preexist-

ing medical problems, are weighed against a lengthy salvage procedure, espe-

cially in a patient of advanced age. Conditions adversely affecting the blood

vessels, such as diabetes mellitus, vasculitis, and smoking, increase the risk of

anastomosis failure and should be taken into consideration. The occupation,

functional requirements, and socioeconomic background of the patient are

important, since the salvage attempt is accompanied by prolonged disability

time, increased psychological distress, and financial demands (30).

Important extremity factors comprise the time since the injury, the severity

of the injury, and the previous functional status of the extremity. Warm ischemia

time greater than 6 hours leads to irreversible changes in cellular structure of

muscle. Even if vascularity is reestablished, tissue necrosis may not be prevented.

Systemic risks of revascularizing a limb with prolonged ischemia must also be

considered and addressed. These include acidosis, hyperkalemia, and rhabdo-

myolysis. Severe crushing and avulsion are associated with a compromised

functional result. Tibial nerve disruption deprives the sole of the foot of protective

sensation. Finally, the previous condition of the extremity should be considered.

A history of major trauma, neurological disease, or congenital deformity resulting

in impaired function may not justify a salvage attempt.

Specialized scoring systems, such as the mangled extremity severity score

(MESS), appear to offer guidelines for decision making in lower extremity

injuries (31). However, the final decision should be an individualized one,

based on sound judgment and assessment of patient and extremity parameters

(32). The patient should be informed of the potential risks and benefits of surgery

and the possibility of early or late amputation. Warm ischemia time greater than 6

hours in a crush injury and complete tibial nerve disruption in adults constitute

absolute contraindications for a revascularization and salvage attempt (33). In this

setting, amputation is not a failure, but rather a step toward stabilization of the

patient and rehabilitation of the extremity.
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E. Skeletal Fixation

Stable fracture fixation is necessary in open fractures. Fracture stability prevents

further injury to the soft tissues and, despite the presence of implants, enhances

the host response to infectious organisms (34). In addition, stable fixation

facilitates wound and patient care and allows early motion and functional

rehabilitation of the extremity, which are even more important in the presence

of traumatized soft tissues.

Fracture stabilization can be accomplished with intramedullary nailing,

external fixation, or plate and screw fixation. The choice of method depends on

the fractured bone, the location of the fracture (intra-articular, metaphyseal,

diaphyseal), the soft tissue injury, and the surgeon’s expertise.

Intramedullary nailing has been found by numerous investigators to be an

effective method of stabilization of diaphyseal fractures of the lower extremity

(35–38). Statically interlocked intramedullary nailing maintains length and

alignment of the fracture bone, is biomechanically superior to other methods,

and does not interfere with soft tissue management. However, it is technically

more demanding, and it disrupts the endosteal bone circulation to a variable

degree, depending on whether the medullary canal receives reaming.

Reamed intramedullary nailing is the method of choice for open femur

fractures. Brumback and associates observed no infections in 62 type I, II, and

IIIA open fractures, whereas infection developed in 3 of 27 (11%) type IIIB open

femur fractures (35). Unreamed intramedullary nailing is widely used for open

tibia fractures (36–38), but controversies exist regarding the optimal method of

fixation of these fractures.

External fixation can be helpful in wounds with severe soft tissue damage

and contamination, as in type IIIB and IIIC open fractures, since no hardware is

implanted and the vascularity of the fracture is not disturbed. It is applied in a

technically easy, safe, and expedient way, with minimal blood loss, at a site

distant to the injury and does not interfere with wound management. External

fixation is particularly suitable for diaphyseal tibia fractures, because of the

subcutaneous location of the bone. In addition, ring or transarticular fixators may

be used for periarticular fractures. The disadvantages of the technique are the

necessity for patient compliance and the associated complications of pin tract

infections and malunion. However, these complications can be minimized with an

external fixator protocol that includes use of half-pins inserted after predrilling,

meticulous pin tract care, and use of the external fixator as the definitive method

of fixation with early bone grafting if indicated.

By maintaining the fixator as the definitive treatment until fracture healing,

the surgeon can prevent the loss of alignment that frequently occurs when the

fixator is prematurely removed (39) and the high infection rate that accompanies

delayed intramedullary nailing (28,40). Conversion of external fixation to
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intramedullary nailing, if the surgeon believes it will improve fracture stabiliza-

tion, should be performed only within the first week after the injury to prevent

infectious complications. Otherwise, the fixator should be the definitive fracture

fixation.

Many reports in the literature have demonstrated the efficacy of external

fixation as definitive treatment and the value of early bone grafting in these severe

injuries (39,41,42). Behrens and Searls evaluated a series of 75 tibia injuries of

which 54 were open fractures. Pin tract infection occurred in 9 of 75 cases (12%),

with one ring sequestrum (1.3%). One loss of reduction occurred (1.3%) (41).

Edwards and colleagues, in a prospective series of 202 type III open tibia

fractures, concluded that the infection rate was reduced to 9% by thorough

débridement and delayed union and angulation were reduced with early grafting

(39). Marsh and associates, in a prospective study of 101 type II and III fractures,

observed that 96 fractures (96%) healed; the 93 had less than 10� of angulation in

any plane. There were only six fracture site infections (42). Thus, external fixation

can be useful for type IIIB and type IIIC fractures, especially with heavily

contaminated wounds.

Plate and screw fixation is useful in intra-articular and metaphyseal

fractures, because it allows restoration of joint congruency and orientation, and

in upper extremity diaphyseal fractures without massive contamination. Plate and

screw fixation has the advantage of accurate restoration of the anatomical

features. Screw fixation can be used for fixation of intra-articular fragments,

either alone or in conjunction with a ring or transarticular fixator.

III. CONTROVERSIES IN OPEN FRACTURE FIXATION

The optimal fixation method for open tibia fractures remains controversial. The

two main debates concern intramedullary nailing versus external fixation and

unreamed versus reamed nailing. The management protocol of type IIIC fractures

is another issue that has not been clearly defined.

A. Choice of Fixation

Few studies have compared the two techniques in a prospective, randomized

fashion. Tornetta and associates compared external fixation with unreamed nails

in 29 type IIIB open tibial fractures. All fractures healed and there was no

difference in infectious complications between the two techniques (36). In

another prospective series of 174 open tibial fractures, Henley and coworkers

concluded that the severity of soft tissue injury rather than the choice of implant

appears to be the predominant factor influencing bone healing and injury site

infection. However, half-pin external fixators appeared to be less efficacious than
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unreamed interlocking intramedullary nails in maintaining limb alignment and

were associated with a pin tract infection in 50% of cases (37). A meta-analysis

by Bhandari and associates on the management of open tibia fractures demon-

strated that unreamed nails, compared with external fixators, reduced the risk of

reoperation, malunion, and superficial infection (38).

Intramedullary nailing is cosmetically preferred by patients and does not

require the same high level of patient compliance as external fixation. However,

no advantage has been demonstrated in terms of fracture healing and injury site

infection, and the potential problems of pin tract infections and malunion can be

minimized with the external fixator protocol described.

Unreamed nailing is considered advantageous because of the greater

preservation of endosteal blood supply and the increased room for revasculariza-

tion when compared to reamed nailing (43). In addition, it is not associated with

mechanical, thermal, or embolic bone damage (44). Because of this, unreamed

nailing is considered the preferred technique in open tibia fractures, especially

since these fractures have an already compromised periosteal vascularity, which is

due to the effect of the injury (36,37,45).

However, the unreamed technique allows the insertion of small-diameter

implants only. Reamed nailing, by utilizing nails of larger diameter, improves

stability at the fracture site and reduces implant failure. Furthermore, cortical

circulation is gradually reconstituted after reamed nailing (43).

Clinical experience with reamed nailing in open tibia fractures is limited.

Keating and colleagues reported a reduction in infection rates achieved by

combining reamed nailing with the bead pouch technique. There were four

deep infections (16%) in 25 fractures treated before the use of the bead pouch and

two (4%) deep infections in 53 fractures when the bead pouch was used (46).

Two prospective, randomized studies compared reamed to unreamed

nailing in open tibia fractures and observed higher infection rates in reamed

nailing, although the differences were not statistically significant. In a study by

Keating and coworkers, infection developed in 2.5% (1=40) of fractures treated
with unreamed nailing, versus 4.4% (2=45) of the ones treated with the reamed

technique (47). Finkemeier and associates observed an infection rate of 4% in

unreamed nailing and of 5.3% in reamed nailing (48). Both studies noted a

reduced screw failure rate in the reamed group.

No advantages were clearly demonstrated in the reamed technique, whereas

the satisfactory results of unreamed nailing have been clearly demonstrated by

many authors, even in complex cases (36,37,45). We previously reported an

infection rate of 15% (5=33) in severe open tibia fractures that were treated by

unreamed nailing in conjunction with free or local muscle flaps (45). Therefore,

until further studies evaluate the two techniques, it would be preferable to insert

tibial nails without reaming to minimize damage to bone vascularity.
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B. Timing of Fixation of IIIC Open Fractures

Type IIIC open fractures by definition have an arterial injury that requires repair.

However, the management priorities are not well established. Should fracture

fixation precede or follow arterial repair?

Arterial repair, followed by stabilization, minimizes ischemia time

and soft tissue damage and was recommended as the best approach by

Ashworth and colleagues (49). Prompt reconstitution of arterial flow to the

extremity prevents the prolongation of ischemia that would have resulted

had the fracture been fixed first. Muscle tissue sustains irreversible changes

after 6 hours of warm ischemia time, and a greater delay is considered

a contraindication for revascularization. Thus, minimization of the duration

of ischemia is very important, especially when extensive soft issue damage

and crushing are present. Traumatized muscle is more vulnerable to the effects

of ischemia, and its survival limit may be less than 6 hours.

However, in the absence of skeletal fixation, the length, alignment, and

rotation of the fractured bone are not corrected and the soft tissue relationships

and tension are altered. Thus, it is difficult to evaluate the necessity for bone

grafts and their optimal length. Moreover, without fracture site stability, the

microvascular anastomosis is not protected from inadvertent damage. Although

definitive fracture fixation before the arterial repair has been preferred by some

authors (50), rapid, provisional fixation with an external fixator and conversion to

the definitive fixation method after the arterial repair appear to be a better option

(51).

Arterial intraluminal shunts offer a viable alternative. They allow prompt

revascularization of the extremity and permit definitive fixation without the

detrimental effect of prolonged ischemia (52). Clinical studies prospectively

comparing the different protocols are needed to establish the best course of

action.

C. Early Bone Grafting

In the presence of bone defects or delayed healing, we advocate early

bone grafting. The preferred timing for bone grafting ranges in the literature

from 2 to 6 weeks after soft tissue coverage (39,53). We elect to wait for

6 weeks after a soft tissue transfer to ensure the absence of infection and

the restoration of the soft tissue envelope. Then, the existing defect is

bone grafted. Early bone grafting is also beneficial when healing is delayed

and no callus is apparent on radiographs by 8–12 weeks. Grafts are applied

either at the fracture site beneath a flap or posterolaterally, away from the site

of injury.
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IV. SUMMARY

Open fractures are high-energy injuries that should be treated on an emergent

basis and the patient should be evaluated for associated injuries and resuscitated

appropriately. Injury assessment and classification should be done intraopera-

tively and be based on the degree of contamination and soft tissue damage. Early,

systemic, wide-spectrum antibiotic therapy should be initiated, and we recom-

mend a 3-day combination therapy with a cephalosporin and an aminoglycoside,

supplemented with penicillin or ampicillin for farm and vascular injuries. Local

antibiotic delivery with the bead pouch technique is effective and prevents

secondary wound contamination. Thorough irrigation and débridement with

elimination of dead tissues and foreign material are critical and the wound

should not be closed primarily to prevent the complication of gas gangrene.

Partial wound closure is preferred for type I and type II fractures, whereas

wounds in type III fractures are initially left open. Delayed primary wound

closure should be performed within 3 to 7 days. In the presence of extensive soft

tissue damage, soft tissue coverage is accomplished with local or free muscle

flaps. In selected cases with severe injuries, amputation may be a treatment

option. Stable fracture fixation should be achieved with a method suitable for the

bone and soft tissue characteristics. If external fixation is used, it should remain as

the definitive method of treatment. Early bone grafting is indicated for bone

defects or delayed union. A treatment plan guided by the principles summarized

achieves the goals of prevention of infection and clostridial myonecrosis, fracture

healing, and restoration of function in most of these challenging injuries.
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I. INTRODUCTION

Osteomyelitis is a term used to describe infection in bone. The root words osteon

(bone) and myelo (marrow) are combined with -itis (inflammation) to define the

clinical state in which bone is infected with microorganisms. Osteomyelitis can

be classified by duration (acute or chronic), by pathogenesis (trauma, hemato-

genous, surgery, or true contiguous spread), by site (spine, hip, tibia, foot, etc.),

by extent (size of defect), and by type of patient (infant, child, adult, or

compromised host). Bone infections are currently classified etiologically by

the Waldvogel system (1–3) as either hematogenous osteomyelitis or osteo-

myelitis secondary to a contiguous focus of infection. Contiguous focus osteo-

myelitis has been further subdivided into osteomyelitis with or without vascular

insufficiency.

In the Waldvogel classification, osteomyelitis may be acute or chronic.

Acute disease is characterized by a suppurative infection accompanied by edema,

vascular congestion, and small vessel thrombosis. The vascular supply to the

bone is compromised as the infection extends into the surrounding soft tissue.

Large areas of dead bone or sequestra may be formed when the medullary and

periosteal blood supplies are reduced. Reactive new bone may form around

infected bone and is termed involucrum. Established or chronic infection

comprises a nidus of infected dead bone or scar tissue and an ischemic soft
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tissue envelope. If established osteomyelitis is not medically and surgically

treated, it leads to an indolent refractory infection.

An alternative classification system to the Waldvogel classification has been

developed by Cierny and Mader (4,5). The Cierny-Mader staging system (Table

1) is based on the anatomical characteristics of the bone infection and the

physiological processes of the host. The classification is determined by the status

of the disease process regardless of its cause, regionality, or chronicity. The

anatomical types of osteomyelitis arc medullary, superficial, localized, and

diffuse. Stage 1, or medullary, osteomyelitis denotes infection confined to the

intramedullary surfaces of the bone. Hematogenous osteomyelitis and infected

intramedullary rods are examples of this anatomical type (Fig. 1). Stage 2, or

superficial, osteomyelitis, a true contiguous focus infection of bone, occurs when

an exposed infected necrotic surface of bone lies at the base of a soft tissue wound

(Fig. 2a,b). Stage 3, or localized, osteomyelitis is usually characterized by full-

Table 1 Cierny-Mader Staging Systema

Anatomical type

Stage 1 Medullary osteomyelitis

Stage 2 Superficial osteomyelitis

Stage 3 Localized osteomyelitis

Stage 4 Diffuse osteomyelitis

Physiological class

A Host: normal host

B Host: systemic compromise (Bs)

Local compromise (Bl)

System and local compromise (Bls)

C Host: treatment worse than disease

Systemic and local factors that affect immune surveillance, metabolism, and local

vascularity

Systemic (Bs)

Malnutrition

Renal, hepatic failure

Diabetes mellitus

Chronic hypoxia

Immune disease

Malignancy

Extremes of age

Immunosuppression or immune deficiency

Asplenic patients

HIV=AIDS
ETOH and=or tobacco abuse

Local (Bl)

Chronic lymphedema

Venous stasis

Major vessel compromise

Arteritis

Extensive scarring

Radiation fibrosis

Small vessel disease

Neuropathy

aHIV, human immunodeficiency virus; AIDS, acquired immunodeficiency syndrome; ETOH, Alcohol

abuse.
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thickness cortical sequestration that can be removed surgically without compro-

mising bony stability (Fig. 3). Stage 4, or diffuse, osteomyelitis is a through-and-

through process that usually requires an intercalary resection of the bone to arrest

the disease process. Diffuse osteomyelitis includes those infections in which there

is a loss of bony stability either before or after débridement surgery (Fig. 4).

The patient is classified as an A, B, or C host. An A host is a patient with

normal physiological, metabolic, and immunological capabilities. The B host is

either systemically compromised, locally compromised, or both. When the

morbidity of treatment is worse than that imposed by the disease itself, the

patient is given the C host classification. The terms acute and chronic osteomye-

litis are not used in the Cierny-Mader staging system because areas of macro-

necrosis must be removed regardless of the acuity or chronicity of an uncontrolled

infection. The stages are dynamic and interact according to the pathophysiolo-

gical processes of the disease. They may be altered by successful therapy, host

alteration, or treatment. This classification system aids in the understanding,

diagnosis, and treatment of bone infections in children and adults.

Figure 1 Stage 1, or medullary, osteomyelitis seen here in an infected medullary rod.
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(a)

(b)

Figure 2 Early stage 2, or superficial, osteomyelitis. a.) Soft tissue appearance overlying

the osteomyelitis. b.) A periosteal reaction can be seen at the base of a soft tissue wound.
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II. ETIOLOGICAL CHARACTERISTICS

In hematogenous osteomyelitis, a single pathogenic organism is almost always

recovered from the bone (Table 2). In infants, Staphylococcus aureus, Strepto-

coccus agalactiae, and Escherichia coli are most frequently isolated from blood

or bones. However, in children above 1 year of age, Staphylococcus aureus,

Streptococcus pyogenes, and Haemophilus influenzae are most commonly

isolated (6). The incidence of Haemophilus influenzae infection decreases after

age 4. However, the overall incidence of H. influenzae as a cause of osteomyelitis

Figure 3 Stage 3, or localized, osteomyelitis involving both cortical and medullary bone

without compromising bone stability. A marked periosteal reaction is present along with

sclerosis and lytic changes. Soft tissue swelling can be seen as well.
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is decreasing because of the new H. influenzae vaccine now given to children (7).

In adults, Staphylococcus aureus is the most common organism isolated.

Multiple organisms are usually isolated from the infected bone in contig-

uous focus osteomyelitis (Table 2). Staphylococcus aureus remains the most

commonly isolated pathogen. However, gram-negative bacilli and anaerobic

organisms are also frequently isolated.

Skeletal tuberculosis is the result of hematogenous spread of Mycobacter-

ium tuberculosis early in the course of a primary infection. Rarely, skeletal

tuberculosis may be a contiguous infection from an adjacent caseating lymph

node. Atypical mycobacteria including M. marinum, M. avium-intracellulare, M.

fortuitum, and M. gordonae all have been associated with osteoarticular infec-

tions. Bone infections may also be caused by a variety of fungal organisms

including coccidioidomycosis, blastomycosis, cryptococcus, and sporotrichosis.

Figure 4 Stage 4, or diffuse, osteomyelitis seen here in an infected non-union treated

with an Ilizarov external fixator.
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III. SOURCE OF INFECTION

Osteomyelitis may be caused by hematogenous spread or by a contiguous focus

of infection. Contiguous focus osteomyelitis has been further subdivided into

osteomyelitis with or without vascular disease. Hematogenous osteomyelitis

usually involves the metaphysis of long bones in children or the vertebral

bodies in adults. The most common causes of contiguous focus osteomyelitis

are trauma, perioperative infections, nonsurgically induced contiguous infections,

and infected foreign bodies. Contiguous focus osteomyelitis with vascular disease

commonly occurs in the bones of the feet in patients who have severe ischemic or

neuropathic disease such as diabetes mellitus.

IV. EPIDEMIOLOGICAL CHARACTERISTICS

The epidemiological features of osteomyelitis include several broad trends. The

incidence of hematogenous osteomyelitis is decreasing in many populations. In

Glasgow, Scotland, 275 cases of acute hematogenous osteomyelitis in children

below 13 years of age were reviewed from 1970 to 1990. During the same period

the population of children below 13 in Glasgow, Scotland, fell by an average of

2% per year. When comparing 1970 with 1990, there was a fall from 64 to 19

cases of acute hematogenous osteomyelitis. The number of cases of osteomyelitis

Table 2 Osteomyelitis: Commonly Isolated Organisms

Hematogenous osteomyelitis (monomicrobic infection): Cierny-Mader stage 1

Infant Childhood Adults

<1 year 1–16 years >16 years

Group B Streptococcus spp. Staphylococcus aureus Staphylococcus aureus

Staphylococcus aureus Streptococcus pyogenes Staphylococcus epidermidis

Escherichia coli Haemophilus influenzae Gram-negative bacilli

Pseudomonas aeruginosa

Serratia marcescens

Escherichia coli

Contiguous focus osteomyelitis (polymicrobic infection): Cierny-Mader stages 2, 3, and 4

Staphylococcus aureus

Staphylococcus epidermidis

Streptococcus pyogenes

Enterococcus species

Gram-negative bacilli

Anaerobes
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involving long bones decreased while osteomyelitis from all other sites remained

the same. The incidence of Staphylococcus aureus infections decreased from

55% to 31% over the 20-year period. In contrast to that of hematogenous

osteomyelitis, the incidence of contiguous focus osteomyelitis is increasing,

probably as a result of motor vehicle accidents and the increasing use of

orthopedic hardware and total joint arthroplasties. There is an increased incidence

of contiguous focus osteomyelitis in males versus females. Finally, osteomyelitis

occurs with a higher frequency in immunocompromised patients (8).

V. HOST FACTORS

Host factors are primarily involved with containment of the infection once it is

introduced adjacent to or into the bone. On occasion, host factors may predispose

the host to the development of osteomyelitis. Thus, host deficiencies that lead to

bacteremia favor the development of hematogenous osteomyelitis. Host deficien-

cies involved with direct inoculation of organisms and=or contiguous spread of

infection from an adjacent area of soft tissue infection are primarily involved with

the lack of containment of the initial infection. Three patient groups with an

unusual susceptibility to acute skeletal infections are those with sickle cell

anemia, chronic granulomatous disease, and diabetes mellitus (9,10). Many

systemic and local factors influence the ability of the host to elicit an effective

response to infection and treatment (Table 1).

The functional impairment caused by the disease, reconstruction opera-

tions, and metabolic consequences of aggressive therapy influence the selection

of candidates for treatment. A draining sinus with minimal pain and=or dysfunc-
tion is not itself an indication for surgical treatment. At times, the procedures

required to arrest or palliate the disease are of such magnitude for the

compromised host that treatment can lead to loss of function, limb, or life. The

condition of the host and the relative disability caused by osteomyelitis are

elements of the Cierny-Mader classification (Table 1).

VI. PATHOLOGICAL CHARACTERISTICS

Pathogenic organisms reach the bone by direct extension from neighboring

infected soft tissues, through penetrating wounds, open fractures, or the blood-

stream.

Acute osteomyelitis produces a suppurative infection accompanied by

edema, vascular congestion, and small vessel thrombosis. In early acute disease,

the vascular supply to the bone is compromised by infection extending into the

surrounding soft tissue. When both the medullary and periosteal blood supplies
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are compromised, large areas of dead bone (sequestra) may be formed. However,

if treated promptly and aggressively with antibiotics and, possibly, surgery, acute

osteomyelitis can be arrested before dead bone, the hallmark of chronic disease,

develops. Once the infection is established, fibrous tissue and chronic inflamma-

tory cells form around the granulations and dead bone. After the infection is

contained, there is a decrease in the vascular supply, and the metabolic demands

of an effective inflammatory response cannot be satisfied. The coexistence of

infected, nonviable tissues and an ineffective host response leads to the chronicity

of this disease. Clinically and histologically, acute osteomyelitis blends into

chronic disease (11).

Necrosis of normal tissues is an important feature of osteomyelitis. Dead

bone is absorbed by the action of granulation tissue developing at its surface.

Absorption takes place earliest and most rapidly at the junction of living and

necrotic bone. If the area of the dead bone is small, it is entirely destroyed by

granulation tissue, leaving a cavity behind. The necrotic cancellous bone in

localized osteomyelitis, even though extensive, is usually absorbed. Some of the

dead cortex (cortical bone) is gradually detached from living bone to form a

sequestrum. The organic elements in the dead bone are largely broken down by

the action of proteolytic enzymes elaborated by host defense cells, mainly the

macrophages or the polymorphonuclear leukocytes. Because of lost blood supply,

dead bone appears whiter than living bone. Cancellous bone is absorbed rapidly

and may be completely sequestrated or destroyed in 2 to 3 weeks, but necrotic

cortex may require 2 weeks to 6 months for separation. After complete separa-

tion, termed sequestration, the dead bone is slowly eroded by granulation tissue

and absorbed.

The surviving bone in the field of osteomyelitis usually becomes osteo-

porotic during the active period of infection. Osteoporosis is the result of both the

inflammatory reaction and disuse atrophy. New bone formation is another

characteristic pathological feature of osteomyelitis but usually occurs in subacute

and chronic osteomyelitis (11).

Pathological features of chronic osteomyelitis are the presence of necrotic

bone, the formation of new bone, and the exudation of polymorphonuclear

leukocytes joined by large numbers of lymphocytes, histocytes, and, occasionally,

plasma cells. The hallmark of chronic osteomyelitis is infected dead bone found

within a compromised soft tissue envelope. New bone formation is also a

characteristic feature of chronic osteomyelitis. New bone forms from the surviv-

ing fragments of periosteum, endosteum, and cortex in the region of the infection

and is produced by a vascular reaction to the infection. New bone may be formed

along the intact periosteal and endosteal surfaces. New bone may form from the

periosteum, forming an encasing sheath of live bone surrounding the dead bone

under the periosteum. The live encasing bone is known as involucrum. Involu-

crum is irregular and is often perforated by openings through which pus may
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track into the surrounding soft tissues and eventually drain to the skin surfaces,

forming a drain sinus tract. The involucrum may gradually increase in density and

thickness to form part or all of a new shaft. New bone increases in amount and

density for weeks or months, according to the size of the bone and extent and

duration of infection. Endosteal new bone may proliferate and obstruct the

medullary canal. After host defense or surgical removal of the sequestrum, the

remaining cavity may be filled with new bone, especially in children. However, in

adults, the cavity may persist or the space may be filled with fibrous tissue, which

may connect with the skin surface via a sinus tract (11).

VII. PATHOPHYSIOLOGICAL CHARACTERISTICS

Primary hematogenous osteomyelitis occurs mainly in infants and children. The

most common site of hematogenous seeding is the metaphysis, particularly in the

hip and tibia, because of the anatomical characteristics of the growing metaphy-

sis. The growth plate separates the epiphyseal blood supply from the metaphyseal

vessels. The metaphyseal arteries end at the growth plate by connecting with large

sinusoidal veins. The blood flow slows here and allows bacteria to proliferate,

especially if there has been slight trauma with resultant hematoma formation. In

infants, medullary infection may spread to the epiphysis and joint surfaces

through capillaries that cross the growth plate. The adjacent joint is usually

infected in infants with osteomyelitis. In children the infection is confined to the

metaphysis and diaphysis. The joint is spared unless the metaphysis is intracap-

sular. Cortical perforation at the proximal radius, humerus, or femur can lead to

infection of the elbow, shoulder, or hip joint, respectively, regardless of the age of

the patient (1). The infection can also cause elevation of the periosteum and the

formation of a so-called Brodie’s abscess.

Hematogenous long bone osteomyelitis is rarely found in the adult

population. When it occurs, adult hematogenous osteomyelitis may be primary

infection or a reactivation of a primary infection that occurred during infancy or

childhood. Primary infections are usually found in compromised hosts. The

infection begins in the diaphysis but may spread to involve the entire medullary

canal. Extension into the joint may occur since the growth plate has matured and

once again shares vessels with the metaphysis. As the periosteum firmly adheres

to the bone in adults, cortical penetration usually leads to a soft tissue abscess. In

time, sinus tracts, which connect the sequestered nidus of infection to the skin via

soft tissue extension, may form.

Osteomyelitis in the adult may result from the reactivation of a quiescent

focus of hematogenous osteomyelitis initially developed in infancy or childhood.

Reactivation of hematogenous osteomyelitis in adults generally has a metaphyseal

localization.
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Contiguous focus osteomyelitis in adults is usually caused by direction

inoculation of organisms (trauma), nosocomial infection from surgery, and true

contiguous infection from an adjacent infected wound. In the trauma patient,

additional factors that contribute to the subsequent development of osteomyelitis

are the presence of hypotension, inadequate débridement of a fracture site,

malnutrition, alcoholism, and smoking. Because they cannot contain the initial

infection, patients with systemic or metabolic disorders that impair their ability to

fight infection are prone to the development and progression of osteomyelitis.

Recently, a number of studies have pointed out some critical factors in the

pathogenesis of osteomyelitis. The importance of the host inflammatory response

has been stressed. Prostaglandin production in infected bone has been an object

of investigation. Prostaglandin E production has been shown to be 5- to 30-fold

higher in infected bone than in normal bone (12). The production of large

amounts of prostaglandin has been postulated to be responsible for bone

resorption and sequestrum formation in osteomyelitis (13). Experimental treat-

ment of rabbit osteomyelitis with sodium salicylate has been shown to prevent

bone destruction and sequestration (14). Experimental treatment of osteomyelitis

in rats with ibuprofen has been shown to reduce prostaglandin production in

infected bone and concurrently reduce gross bone abnormality and radiographic

changes, without any change in the bacterial counts (15,16). Granulocyte-

macrophage colony-stimulating factor (GM-CSF), a recombinant growth factor

with anti-inflammatory and prophagocytic properties, has significantly improved

the outcome of experimental acute osteomyelitis in rats (17). Effective phagocy-

tosis has been shown to be an important factor for host defense in patients with

osteomyelitis. Intramedullary oxygen tensions in infected bone have been

demonstrated to be lower than in normal bone; oxygen tensions less than

30mmHg impair normal phagocytic function. Hyperbaric oxygen therapy has

significantly improved oxygen tensions in intramedullary bone and in experi-

mentally infected rabbits (18,19).

Some bacterial factors have been recognized to be important in the

pathogenesis of osteomyelitis. Since the pathogen must colonize the target

tissue in order to initiate infection, adequate molecules are required to adhere

to the bone matrix, to the extracellular matrix, and to implanted medical devices.

Staphylococcus spp. have a large variety of adhesive proteins and glycoproteins

that mediate binding with bone components (20,21). An important factor in the

pathogenesis of osteomyelitis is the formation of a glycocalyx surrounding the

infecting organisms. This glycocalyx protects the organisms from the action of

phagocytes as well as access by most antimicrobials. Evidence indicates that a

surface negative change of devitalized bone or metal implants promotes organism

adherence and subsequent glycocalyx formation (22).

Another way to elude host defense is bacterial intracellular location, as

demonstrated with staphylococci in osteoblasts and osteocytes in an in vivo

model (23).
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VIII. CLINICAL MANIFESTATIONS

A. Signs and Symptoms

Children who have hematogenous osteomyelitis may have acute signs of infec-

tion, including abrupt fever, irritability, lethargy, and local signs of inflammation.

However, 50% of children have vague complaints, including pain of the involved

limb of 1 to 3 months in duration and minimal, if any, temperature elevation.

Children with hematogenous osteomyelitis usually have normal soft tissue

enveloping the infected bone and are capable of a very effective response to

infection. Thus, children have the potential to resorb large sequestra and generate

a significant periosteal response to the infection. This latter feature leads to

substantial formation of bone at the margin of the infection (involucrum). The

involucrum provides skeletal continuity and lessens the development of nonunion

and pathological fractures. In children, the joint is usually spared from infection

unless the metaphysis is intracapsular as is found at the proximal radius, humerus,

or femur (24,25).

Adults who have primary infection or reactivation of hematogenous

osteomyelitis usually report vague symptoms consisting of nonspecific pain

and few constitutional symptoms of 1 to 3 months in duration. However, acute

clinical symptoms of fever, chills, swelling, and erythema over the involved

bone(s) are occasionally seen. The source of bacteremia may be a trivial skin

infection or a more serious infection such as acute or subacute bacterial

endocarditis. Hematogenous osteomyelitis that involves either long bones or

vertebrae is an important complication of injection drug abuse (6).

Patients who have contiguous focus osteomyelitis often experience loca-

lized bone and joint pain, erythema, swelling, and drainage around the area of

trauma, surgery, or wound infection. Signs of bacteremia such as fever, chills, and

night sweats may be present in the acute phase of osteomyelitis, but not in the

chronic phase.

Both hematogenous and contiguous focus osteomyelitis can progress to a

chronic condition. Local bone loss, areas of dead necrotic bone (sequestrum), and

bony sclerosis are common. Persistent drainage and=or sinus tracts are often

found adjacent to the area of infection. The patient usually reports chronic pain

and drainage. If present, fever is low grade. The sedimentation rate is usually

elevated, reflecting chronic inflammation, but the leukocyte count is usually

normal. The chronic disease is usually either not progressive or slowly progres-

sive. If a sinus tract becomes obstructed, the patient may have a localized abscess

and or an acute soft tissue infection.

B. History and Physical Examination

A thorough history, review of systems, past medical history, and physical

examination must be obtained to identify systemic disease and to evaluate the
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integrity and condition of the musculoskeletal component involved. The patient

must be able to tolerate rigorous surgical, medical, and rehabilitation protocols.

Underlying disease may render the patient a poor surgical candidate. The

symptom complex assessment is carefully documented for future reference.

Any history of allergies or drug toxicity is obtained.

In patients who have hematogenous osteomyelitis, the general examination

evaluates potential entry sites of the infecting organisms including endocarditis.

In patients with contiguous focus osteomyelitis, the wound is closely examined.

In those with contiguous focus osteomyelitis with generalized vascular disease,

the blood supply and sensation are carefully evaluated.

On examination of the limb, any previous operations must be noted,

including scars, previous flap designs, and remaining options for local flap

coverage. Local signs of stasis, hypoxia, and induration are noted. Range of

motion above and below the infected segment is recorded.

During history taking and physical examination, the physician must assess

the patient as a surgical candidate, the degree of bone necrosis, the extent of bone

and soft tissue involvement, and the potential for rehabilitation. Methods of host

improvement should be discussed with a patient who is systemically or locally

compromised (Table 3).

IX. LABORATORY STUDIES

Although hematological studies do not confirm the diagnosis of osteomyelitis,

they may be useful in assessing the response to treatment. The leukocyte count

Table 3 Patient Management: Methods of Host Alteration

Patient education: no smoking

Nutritional supplementation

Malnutrition

Alcohol abuse

Immune compromise

Renal=hepatic failure

Diabetes

Hyperbaric oxygen: Cierny-Mader Bl, extensive granulation beds, refractory osteomyelitis

Special considerations

Local compromise: pressure garments, local or microvascular tissue transfers

Pressure sores: force distribution

Diabetes: blood glucose control

Major vessel disease: arterial bypass surgery

Chemical suppression: discontinuation or alteration of medications

Sepsis and toxicity: emergency decompression or drainage
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may be elevated in acute osteomyelitis but is often normal in more chronic cases.

The sedimentation rate is usually elevated in both acute and chronic osteomye-

litis. Elevated sedimentation rates and leukocyte counts generally fall with

appropriate therapy, but both may increase acutely after débridement surgery. A

sedimentation rate that returns to normal during the course of therapy is a

favorable prognostic sign (26–30). Laboratory studies to monitor the nutritional

status of the patient and any toxic effects of antibiotic treatment regimens are also

necessary. Baseline laboratory studies including a complete blood count, chemi-

cal levels, liver function tests, erythrocyte sedimentation rate, urinalysis, serum

albumin level, and total iron binding capacity should be obtained initially and

monitored regularly while the patient is on antibiotic therapy. Total iron binding

capacity, prealbumin, and albumin are markers of the nutritional status of the

patient with osteomyelitis.

X. DIAGNOSIS

A. Microbiological Documentation

The diagnosis and determination of the cause of long bone osteomyelitis rest on

the isolation of the pathogen(s) from the bone lesion or blood or joint culture. In

Cierny-Mader stage 1, or hematogenous, osteomyelitis, positive blood or joint

culture findings can often obviate the need for a bone biopsy when there is

radiographic or scan evidence of osteomyelitis.

Except in hematogenous osteomyelitis, in which positive blood or joint

fluid culture results may suffice, antibiotic treatment of osteomyelitis should be

based on meticulous cultures of bone taken at débridement surgery or from deep

bone biopsies. If possible, cultures should be obtained before antibiotics are

initiated. Sinus tract cultures are not reliable for predicting which organisms will

be isolated from infected bone (31,32). However, sinus tract cultures that grow S.

aureus show a positive correlation with bone cultures. In most cases, antibiotic

treatment of osteomyelitis should be based on meticulous cultures taken at

débridement surgery or from deep bone biopsies and antibiotic susceptibilities

(33,34).

Conventional microbiological techniques are usually used for the diagnosis

of osteomyelitis. However, some authors have established that the use of

improved techniques for pus processing and culturing may yield a higher

percentage of isolated strains (35). A lysis-centrifugation technique has been

described to improve the sensitivity of pus cultured from osteomyelitis samples

(36). Removed hardware requires mild ultrasonication to provide optimal

bacterial removal (37). Polymerase chain reaction (PCR), a well-known technique

of gene amplification, has been used in the diagnosis of bone infection due to

unusual or difficult pathogens, such as Mycoplasma penumoniae (38), Brucella
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spp. (39), Bartonella henselae (40), and both tuberculous and nontuberculous

Mycobacterium spp. (41). PCR has detected Mycobacterium tuberculosis in

formaldehyde solution-fixed, paraffin-embedded tissue samples from patients

with Pott’s disease (42). Even if PCR is not a routine technique for the diagnosis

of osteomyelitis, it can be potentially useful in this setting. PCR has been shown

to be more sensitive than culture in the detection of infection in a hip prosthesis

(37). Adaptation of the bacteria to the environment by the production of biofilm

has been postulated as an unfavorable condition for the successful isolation of

organisms by current culture techniques (37). Finally, PCR can detect the

bacterial genome even when culture findings are negative because of concurrent

antibiotic treatment. PCR identification of an organism can be useful when

antibiotic discontinuation is not feasible at the time of attempting to make a

diagnosis.

B. Radiographs and Scans

In hematogenous osteomyelitis, radiographic changes usually reflect the destruc-

tive process but lag at least 2 weeks behind the evolution of infection. The earliest

changes are swelling of the soft tissue, periosteal thickening and=or elevation, and
focal osteopenia. At least 50%–75% of the bone matrix must be destroyed before

radiographs show lytic changes. The more diagnostic lytic changes are delayed

and associated with a subacute and chronic osteomyelitis. Radiographic improve-

ment may lag behind clinical recovery, even when the patient is receiving

appropriate antimicrobial therapy (43). In contiguous focus osteomyelitis, the

radiographic changes are subtle, often found in association with other nonspecific

radiographic findings, and require a careful clinical correlation to achieve

diagnostic significance.

C. Radionuclide Studies

Radionuclide scans may be obtained when the diagnosis of osteomyelitis is

ambiguous or when it is necessary to gauge the extent of bone and soft tissue

inflammation. In general, it is not usually necessary to obtain these scans for the

diagnosis of long bone osteomyelitis. The actual mechanism of bone labeling

with radiopharmaceuticals is still unclear. The technetium polyphosphate 99mTc

scan demonstrates increased isotope accumulation in areas of increased blood

flow and reactive new bone formation (44). In biopsy-confirmed cases of

hematogenous osteomyelitis, the finding is usually positive as early as 48 hours

after the initiation of the bone infection (45). Negative 99mTc scan results in

documented cases of osteomyelitis may reflect impaired blood supply to the

infected area (46). A negative technetium polyphosphate 99mTc scan finding

effectively rules out the diagnosis of osteomyelitis
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A second class of radiopharmaceuticals used for the evaluation of osteo-

myelitis includes gallium citrate. Gallium attaches to transferrin, which leaks

from the bloodstream into areas of inflammation. The gallium scan also shows

increased isotope uptake in areas concentrating polymorphonuclear leukocytes,

macrophages, and malignant tumors (47). Since the gallium citrate scan does not

show bone detail well, distinguishing between bone and soft tissue inflammation

is often difficult; a comparison with a 99mTc scan helps to resolve this problem

(48). Gallium citrate is also found to accumulate in areas of infected and

noninfected nonunions (47). Because gallium accumulates in areas of inflamma-

tion, it has a high sensitivity and low specificity for the diagnosis of osteomyelitis.

Indium-labeled leukocyte scans are more useful in the evaluation of acute

osteomyelitis. Indium leukocyte scan results are positive in approximately 40% of

cases of acute osteomyelitis and 60% of cases of septic arthritis (49). Patients

with chronic osteomyelitis usually have equivocal or negative indium-labeled

leukocyte scan findings.

D. Computed Tomography

Computed axial tomography (CT) may play a role in the diagnosis of osteomye-

litis. Increased marrow density occurs early in the infection (49), and intrame-

dullary gas has been reported in patients with hematogenous osteomyelitis (50).

The CT scan result can also help in identifying areas of necrotic bone and

assessing the involvement of the surrounding soft tissues. One disadvantage of

this study is the scatter phenomenon, which occurs when metal is present in or

near the area of bone infection. This scatter results in a significant loss of image

resolution.

E. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has been recognized as a useful modality for

diagnosing the presence and scope of musculoskeletal sepsis (51–53). The

resolution of MRI makes it useful in differentiating between bone and soft tissue

infection, often a problem with radionuclide studies (54). Unlike the radionuclide

studies, MRI is not useful for whole-body examinations. Metallic implants in the

region of interest may produce focal artifacts, thereby decreasing the quality of the

image (55). Initial MRI screening usually consists of a T1-weighted and a T2-

weighted spin-echo pulse sequence. In a T1-weighted study, edema is dark and fat

is bright. In a T2-weighted study, the reverse is true. The typical appearance of

acute osteomyelitis is a localized area of abnormal marrow with decreased signal

intensity on T1-weighted images and increased signal intensity on T2-weighted

images. On occasion there may be decreased signal intensity on T2-weighted

images (55). Posttraumatic or surgical scarring of the marrow is seen as a region of
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decreased signal intensity on T1-weighted images with no change of the

T2-weighted image. Sinus tracts are seen as areas of high signal intensity on the

T2-weighted image, extending from the marrow and bone through the soft tissues

and out of the skin. Cellulitis is seen as diffuse areas of intermediate signal in the

T1-weighted images of the soft tissues, with increased signal on the T2-weighted

images of the same area. The MRI scan has the highest sensitivity and specificity

for the diagnosis of osteomyelitis. However, because of its expense, it should only

be requested when the diagnosis of osteomyelitis is equivocal.

XI. DIFFERENTIAL DIAGNOSIS

A number of conditions may present symptoms and signs similar to those of

osteomyelitis. Malignant and benign tumors including Ewing’s sarcomas, osteo-

sarcomas, fibrous histiocytomas, fibrosarcomas, lymphomas, and benign giant

cell bone cysts may be confused with osteomyelitis. Patients with leukemia may

have bony infiltrates, which may resemble osteomyelitis. Bone infarcts secondary

to sickle cell anemia or other hemoglobinopathies may resemble osteomyelitis.

(56). Noninfected nonunions and old trauma may likewise mimic osteomyelitis.

In the conditions detailed, results of radiographs and scans may be consistent with

osteomyelitis, but the patients generally lack symptoms and signs of infection,

including fever, erythema, and drainage. The correct diagnosis is usually based

on histological features and culture results.

XII. TREATMENT

Appropriate therapy of osteomyelitis includes adequate drainage, thorough

débridement, obliteration of dead space, wound protection, and specific anti-

microbial coverage. If the patient is a compromised host, an effort is made to

correct or improve the host defect(s) (Table 3). In particular attention should be

paid to good nutrition and to a smoking cessation program besides dealing with

specific abnormalities such as control of diabetes. Thus, an attempt is made to

improve the nutritional, medical, and vascular status of the patient and to provide

optimal care for any underlying disease.

A. Antibiotic Management

After cultures are obtained, a parenteral antimicrobial regimen is begun to cover

the clinically suspected pathogens. Once the organism is identified, a specific

antibiotic class(es) can be selected by appropriate sensitivity methods.

If possible, antibiotics should not be initiated until the results of the bone

bacterial culture and sensitivities are known. However, if immediate débridement
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surgery is required, empirical broad-spectrum antibiotics can be started. The

antibiotics may be modified, if necessary, when results of the débridement

cultures and sensitivities are available.

Since bone takes 3 to 4 weeks to revascularize after débridement surgery,

antibiotics are used to treat live infected bone and to protect bone undergoing

revascularization. The patient is treated with 4 to 6 weeks of antimicrobial therapy

dated from the last major débridement surgery (57,58). Outpatient intravenous

therapy with intravenous access catheters such as a peripherally inserted central

catheter (PICC), Hickman catheter, or Groshong catheter makes outpatient

intravenous antibiotic treatment possible (59–61).

Oral therapy using quinolones for gram-negative organisms is currently

being utilized in adult patients with osteomyelitis (62–64). The second-generation

quinolones (ciprofloxacin, ofloxacin) have poor activity against Streptococcus

spp., Enterococcus spp., and anaerobic bacteria (65). The third-generation

(levofloxacin, gatifloxacin) quinolones have excellent Streptococcus spp. activity,

but minimal anaerobic coverage (66). The fourth-generation quinolone trova-

floxacin has excellent Streptococcus spp. and anaerobic organism coverage

(66,67). Trovafloxacin is only approved for inpatient treatment and must be

used with caution because, in rare cases, it can lead to serious liver toxicity. None

of the quinolones has reliable Enterococcus spp. coverage. The current quino-

lones have variable S. aureus and S. epidermidis coverage, and resistance to the

second- and third-generation quinolones is increasing (68). Coverage of methi-

cillin-sensitive S. aureus should be obtained with another oral antibiotic such as

clindamycin or ampicillin-sulbactam (Unasyn). It is recommended that before a

change to a nonquinolone oral regimen the patient initially receives 2 weeks of

parenteral aptibiotic therapy and the organism(s) be sensitive to the oral regimen.

The patient must be compliant and have close outpatient follow-up. Because of

their excellent oral absorption, the quinolones are changed to an oral route as

soon as the patient is able to take oral medications.

A combination of parenteral and oral antibiotics has been used in some

situations. Methicillin-sensitive and methicillin-resistant S. aureus osteomyelitis

has been successfully treated with a semisynthetic penicillin-rifamipin and

vancomycin-rifampin, respectively (69).

In general, it is not necessary to follow serum-cidal levels (70) because

most treatment failures are due to a lack of adequate surgical débridement rather

than antibiotic efficacy (57). It may be necessary to follow serum levels in cases

of relatively resistant organisms or to gauge the efficacy of oral antibiotic therapy.

1. Antibiotic treatment by Cierny-Mader stage

Stage 1 (Table 4) osteomyelitis in children usually can be treated with antibiotics

alone. Antibiotic therapy alone is possible because children’s bone is highly
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vascular and has a very effective response to infection. Stage 1 (Table 4)

osteomyelitis in adults is more refractory to therapy and is usually treated with

antibiotics and surgery. The patient is treated for 4 weeks with appropriate

parenteral antimicrobial therapy, dated from the initiation of therapy or the last

major débridement surgery. If the initial medical management fails and the patient

is clinically compromised by a recurrent infection, medullary and=or soft tissue
débridement is necessary in conjunction with another 4-week course of anti-

biotics.

Oral antibiotic therapy can be used for treatment of pediatric stage 1

osteomyelitis. However, it is recommended that the child initially receive 1 to 2

weeks of parenteral antibiotic therapy before changing to an oral regimen. High

doses of the quinolone class of antibiotics have been reported to cause articular

cartilage damage in young animals, generating some concern regarding the long-

term use of these agents in infants and children. Therefore, in most circum-

stances, pediatric patients should not be given the quinolone class of antibiotics.

In stage 2 osteomyelitis (Table 5), the patient may be treated with a 2-week

course of antibiotics after superficial débridement and soft tissue coverage. The

arrest rate is approximately 80%.

In stages 3 (Table 6) and 4 (Table 7) osteomyelitis, the patient is treated

with 4 to 6 weeks of antimicrobial therapy dated from the last major débridement

surgery. Without adequate débridement most antibiotic regimens fail regardless of

duration of therapy. Even when all necrotic tissue has been adequately débrided,

the remaining bed of tissue must be considered contaminated with the responsible

Table 4 Osteomyelitis: Initial Antibiotic Therapy

Hematogenous osteomyelitis (monomicrobic infection): Cierny-Mader stage 1

Long Bone

Children Nafcillina or clindamycina

Adults Nafcillina or clindamycina þ levofloxacin

Vertebral Nafcillina þ cefotaxime

Continguous focus osteomyelitis (polymicrobic infection): Cierny-Mader stages 2A,B,

3A,B, 4A,B

Long bone Clinidamycina þ levofloxacin

Mandibular Clindamycin

Pelvic Ampicillin=sulbactam þ levofloxacin

Contiguous focus osteomyelitis with vascular diseases (polymicrobic infection)

Cierny-Mader stages 2B, 3B, 4B

Diabetic foot osteomyelitis Clindamycin or ampicillin=
Sulbactam þ Levofloxacin

aVancomycin when methicillin-resistant Staphylococcus aureus (MRSA), methicillin-resistant S.

epidermidis (MRSE), or Enterococcus sp. suspected.

Adult Long Bone Osteomyelitis 167



T
a
b
le

5
T
re
at
m
en
t
A
lg
o
ri
th
m

fo
r
C
ie
rn
y
-M

ad
er

S
ta
g
e
1
L
o
n
g
B
o
n
e
O
st
eo
m
y
el
it
is

*
M
o
d
if
y
an
ti
b
io
ti
cs

o
n
cu
lt
u
re

an
d
se
n
si
ti
v
it
y
re
su
lt
s.

*
*
If

b
lo
o
d
cu
lt
u
re
s
ar
e
p
o
si
ti
v
e
w
it
h
ra
d
io
g
ra
p
h
ic

o
r
sc
an

ev
id
en
ce

o
f
o
st
eo
m
y
el
it
is
,
th
en

b
o
n
e

cu
lt
u
re
s
ar
e
n
o
t
n
ec
es
sa
ry
.

*
*
*
B
ea
d
s
ar
e
re
m
ov
ed

at
2
–
3
w
ee
k
s
an
d
re
p
la
ce
d
w
it
h
ca
n
ce
ll
o
u
s
b
o
n
e.
A

b
ea
d
ex
ch
an
g
e
m
ay

b
e

d
o
n
e
at

2
–
3
w
ee
k
s
la
te
r
an
d
re
p
la
ce
d
w
it
h
ca
n
ce
ll
o
u
s
b
o
n
e.

168 Mader et al.



pathogen(s). Therefore, it is important to treat the patient for at least 4 weeks with

antibiotics (1). The arrest rate is approximately 90%. Outpatient intravenous

therapy using long-term intravenous access catheters, such as Hickman or

Groshong catheters, decreases hospitalization time. Oral therapy by the quinolone

class of antibiotics is currently being utilized in adult patients with osteomyelitis.

The currently available quinolones have relatively poor activity against Enter-

ococcus spp. and anaerobes. The quinolones have modest activity against

Staphylococcus aureus and S. epidermidis, but resistance is increasing. Coverage

of aerobic gram-positive organisms should be obtained with other antibiotics such

as clindamycin or ampicillin and a b-lactamase inhibitor. Before a change to an

oral regimen, it is recommended that the patient initially receive 2 weeks of

nonquinolone parenteral antibiotic therapy. Because of their excellent oral

absorption, the quinolones are changed to an oral route as soon as the patient

is able to take oral medications. The patient must be compliant and agree to close

outpatient follow-up.

Because of the need for prolonged therapy, antibiotics used in the treatment

of bone and joint infection must be nontoxic, convenient to administer, and cost-

effective. Bone concentration of the treatment antibiotic may be an important

factor in eradicating the organism from the bone. Using a rabbit model for

Staphylococcus aureus osteomyelitis, the authors found clindamycin to have the

greatest bone-to-serum ratio, followed by vancomycin, nafcillin, moxalactam,

tobramycin, cefazolin, and cephalothin. The significance of bone antibiotic

Table 6 Treatment Algorithm for Cierny-Mader Stage 2 Long Bone Osteomyelitis

*Modify antibiotics on culture and sensitivity results.
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concentrations is unclear; clindamycin gave the best treatment results in experi-

mental Staphylococcus aureus osteomyelitis (71).

B. Suppressive Antibiotic Therapy

When surgical treatment of osteomyelitis is not feasible, antibiotic suppressive

therapy is usually given to control the disease and to prevent flare-ups. This

therapy is usually administered by the oral route. Ideal drugs for suppression must

possess good bioavailability, low toxicity, and adequate bone penetration. The

causative microorganism must be susceptible to the antibiotic(s) used for

suppression. Suppressive therapy does not exempt the physician from the need

for a microbiological diagnosis and susceptibility testing. Suppressive therapy has

been extensively studied in the setting of infected orthopedic implants. Rifampin

(in combination with other antibiotics), fusidic acid, ofloxacin, and co-trimox-

azole have been administered to patients with infected hip or knee arthroplasties

in numerous studies (34,72–74). In these studies, suppressive antibiotic treatment

was administered for 6 to 9 months. After discontinuation of treatment, a cure

(i.e., no recurrence of infection during the follow-up period) was achieved for

nearly 60% of patients (34). Failures were thought to be due to persistence of the

infection or to resistance to the suppression antibiotic. Efficacy of suppressive

therapy is probably due to prolonged action against low-replicating bacteria or

their action against organisms (planktonic organism) liberated from the glyco-

calyx.

Suppressive therapy is traditionally administered for 6 months. If recur-

rence of the infection occurs after discontinuation, a new suppressive regimen is

begun and administered sine die. If possible the regimen is culture directed.

C. Surgical Management

Surgical management of osteomyelitis can be very challenging. The principles of

treating any infection are equally applicable to the treatment of infection in bone.

These include adequate drainage, extensive débridement of all necrotic tissue,

obliteration of dead spaces, adequate soft tissue coverage, and restoration of an

effective blood supply. The goal of débridement is to leave healthy, viable tissue.

Débridement of bone is executed to the point where punctate bleeding, which is

termed the ‘‘paprika sign,’’ is noted. However, even when all necrotic tissue has

been adequately débrided, the remaining bed of tissue must be considered

contaminated with the responsible organism. In 2001 the importance of the

extent of surgical débridement in both normal and compromised hosts was

reinvestigated (75). B hosts treated with marginal resection (i.e., with a clearance

margin less than 5mm) had a higher rate of recurrence than normal hosts. The
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extent of resection appears therefore to be much more important in B hosts,

whereas in normal hosts a marginal resection may be acceptable.

The challenge in treating osteomyelitis, as compared to infection of soft

tissue alone, involves bone débridement. Adequate débridement may leave a large

bony defect termed dead space. Appropriate management of any dead space

created by débridement surgery is mandatory to arrest the disease and to maintain

the integrity of the bone part. The goal of dead space management is to replace

dead bone and scar tissue with durable vascularized tissue (57,58). Secondary-

intention healing is discouraged, since the scar tissue that fills the defect may later

become avascular. Complete wound closure should be attained whenever possi-

ble. Local tissue flaps or free flaps may be used to fill dead space (76–80). An

alternative technique is to place cancellous bone grafts beneath local or trans-

ferred tissues where structural augmentation is necessary. Careful preoperative

planning is critical to the conservation of the patient’s limited cancellous bone

reserves. Open cancellous grafts without soft tissue coverage are useful when a

free tissue transfer is not a treatment option and local tissue flaps are inadequate

(81). Antibiotic-impregnated acrylic beads may be used to sterilize and maintain

dead space temporarily (Fig. 5). The beads are usually removed within 2 to 4

Figure 5 Antibiotic-impregnated beads used to sterilize and maintain dead space after

débridement surgery.
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weeks and replaced with a cancellous bone graft (58,82–87). The most commonly

used antibiotics in beads are vancomycin, tobramycin, and gentamicin. Anti-

biotics (clindamycin, amikacin) have also been delivered directly into dead space

with an implantable pump (88).

If movement is present at the site of infection, measures must be taken to

achieve permanent stability of the skeletal unit. Stability may be achieved with

plates, screws, rods, and=or an external fixator. External fixation is preferred to

internal fixation because of the tendency of medullary rods to become secondarily

infected and to spread the extent of the infection. A type of external fixator allows

bone reconstruction of segmental defects and difficult infected nonunions (89).

The Ilizarov external fixation method utilizes the theory of distraction histogen-

esis, whereby bone is fractured in the metaphyseal region and slowly lengthened.

The growth of new bone in the metaphyseal region pushes a segment of healthy

bone into the defect left by surgery. The Ilizarov technique is used for difficult

cases of osteomyelitis when stabilization and bone lengthening are necessary. The

method may also be used to compress nonunions and correct malunions. The

technique is labor intensive and requires an extended period of treatment,

averaging 8.5 months in the device. Calhoun and associates (90) successfully

reconstructed 92% of patients with chronic osteomyelitis with segmental defects,

ranging from simple nonunions to 8-cm gaps. The Ilizarov pins usually become

infected and the device is painful. The Ilizarov technique is commonly used for a

small group of patients for reconstruction of difficult deformities that result from

osteomyelitis. The Ilizarov external fixation method is utilized by most tertiary

care hospitals.

Adequate soft tissue coverage of the bone is necessary to arrest osteomye-

litis. Small soft tissue defects may be covered with a split-thickness skin graft. In

the presence of a large soft tissue defect or an inadequate soft tissue envelope,

local muscle flaps and free vascularized muscle flaps may be placed in a one- or

two-stage procedure. Local and free muscle flaps, when combined with anti-

biotics and surgical débridement of all nonviable osseous and soft tissue for

chronic osteomyelitis, have a success rate ranging from 66% to 100%. Local

muscle flaps and free vascularized muscle transfers improve the local biological

environment by introducing a blood supply important in host defense mechan-

isms, antibiotic delivery, and osseous and soft tissue healing.

1. Surgical treatment by Cierny-Mader stage

The Cierny-Mader classification of osteomyelitis not only stratifies the disease

and host condition, but also provides guidelines for the surgical management of

the disease. In stage 1 osteomyelitis (Table 5), the nidus of infection is entirely

within the medullary canal of the bone. It is usually caused by blood-borne

bacteria or the introduction of surgical hardware such as an intramedullary nail.
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Because of the location, surgical treatment is usually more straightforward than in

other types of bone involvement. In pediatric patients without hardware, surgical

therapy is usually not necessary. In adults with primary or secondary stage 1

osteomyelitis, thorough intramedullary reaming and unroofing are usually done

with or without bone grafting. Soft tissues are reapproximated and the limb is

protected by external means (brace or cast) until structural integrity of the bone is

reestablished by normal remodeling.

In stage 2 osteomyelitis (Table 6), the surface of the bone is exposed as a

result of an overlying soft tissue defect. The superficial cortex becomes involved

with the infection and eventually becomes sequestered (stage 3 progression) if

treatment is delayed. The most important aspect of treatment is soft tissue

coverage after adequate débridement to bleeding cortex, This may be a simple

problem involving local tissue, or it may require free tissue transfer. Stage 3

osteomyelitis (Table 7) combines the problems of both stages 1 and 2; treatment

involves the modalities employed for both of these categories of disease. Bone is

sequestered, medullary extension of the infection is common, and major soft

tissue defects may be present as well. These patients may require external fixation

for structural support while the bone graft incorporates. Complex reconstruction

of both bone and soft tissue is frequently necessary.

Stage 4 osteomyelitis (Table 8) combines problems of stages 1, 2, and 3.

Instability is a problem before or after surgery. Therefore, treatment often must be

directed toward establishing structural stability and obliterating débridement gaps

by means of cancellous bone grafts or the Ilizarov technique. Free flaps and

vascularized bone grafts are other possible treatment modalities. All of the

modalities discussed may have a place in the treatment of diffuse osteomyelitis.

D. Therapy of Osteomyelitis Secondary to Contiguous
Focus Infection with Vascular Diseases

Because of the relative inability of the host to participate in the eradication of the

infectious process, osteomyelitis secondary to contiguous focus infection with

vascular disease is difficult to treat (see Chapter 11). These infections are

insidious and are often beyond simple salvage by the time the patient seeks

medical therapy.

Determination of the vascular status of the tissue at the infection site is

crucial in the evaluation of these patients. Although several methods can be used

to determine the vascular status, measurement of cutaneous oxygen tensions and

pulse pressures is most commonly employed. Cutaneous oxygen tensions are

obtained by using a modified Clark electrode applied to the skin surface.

Cutaneous oxygen tensions provide guidelines for determining the location of

adequately perfused tissue (91). The values are also helpful in predicting the

benefit of local débridement surgery and in selecting surgical margins where
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healing can be expected to occur. Hyperbaric oxygen therapy may facilitate

healing in areas where borderline oxygen tensions are present.

The patient may be managed with suppressive antibiotic therapy, antibiotic

therapy without surgery (osteitis), local débridement surgery, or ablative surgery.

The decision regarding treatment options used is based on tissue oxygen

perfusion at the infection site, extent of the osteomyelitis, and patient preference

(92,93).

The patient can be offered long-term suppressive antibiotic therapy when a

definitive surgical procedure would lead to unacceptable patient morbidity or

Table 8 Treatment Algorithm for Cierny-Mader Stage 4 Long Bone Osteomyelitis

*Modify antibiotics on culture and sensitivity results.

** Stabilization with external fixation (e.g., Ilizarov) or internal fixation (e.g., plates or intramedullary nails).

***Closure includes primary closure or split thickness skin graft.

****Beads are removed at 2–3 weeks and replaced with cancellous bone. A bead exchange may be done at

2–3 weeks; the new beads are removed 2–3 weeks later and replaced with cancellous bone.
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disability or when a patient refuses local débridement or ablative surgery. Even

with suppressive antibiotic therapy, in time, most of these patients require

amputation of the involved bone.

Osteitis involves the outer cortex of the bone without intramedullary

spread. Osteitis may be arrested with a 4- to 6-week course of antibiotic therapy

without a definitive surgical procedure (94). In order to maintain the arrest of the

infection, the contiguous soft tissue defect and infection must be resolved.

Local débridement surgery and a 4-week course of antibiotics may be used

when a patient has localized osteomyelitis and good tissue oxygen perfusion.

Unless good tissue oxygen tensions are present, the wound does not heal and

ultimately requires an ablative procedure. Installation of antibiotic-impregnated

methylmethacrylate beads to obliterate dead space may improve therapeutic

responses.

The patient who has extensive osteomyelitis and poor tissue oxygen

perfusion usually requires some type of ablative surgery. Digital and ray

resections, transmetatarsal amputations, midfoot disarticulations, or Chopart,

Lisfranc, and Syme amputations permit the patient to ambulate without a

prosthesis. The amputation level is determined by the vascularity and potential

viability of the tissues proximal to the site of infection and the requirements of a

thorough débridement. The patient is given 4 weeks of antibiotics when infected

bone is surgically transected. Two weeks of antibiotics is given when the infected

bone is completely excised but some residual soft tissue infection remains. When

the amputation is performed proximal to the bone and soft tissue infection, the

patient is given 1 to 3 days of antibiotic therapy.

XIII. SUMMARY

Decreasing the known risk factors for the development of osteomyelitis should

decrease the incidence of osteomyelitis. The basic mechanisms for the develop-

ment of osteomyelitis are hematogenous dissemination, direct inoculation, and

contiguous spread from an adjacent infection. The major risk factors for acute

hematogenous osteomyelitis are circumstances that predispose to bacteremias.

The major circumstances include infections of indwelling intravascular catheters,

distant foci of infection, and intravenous drug abuse. The skin, respiratory tract,

and urinary tract represent the distant sites of focal infection most commonly

associated with acute osteomyelitis. The second major mechanism for the

development of osteomyelitis is direct inoculation. The major direct inoculation

injuries include animal and human bites and puncture wounds. Diagnostic

procedures may also inadvertently result in the inoculation of neighboring

osseous structures. Surgical procedures such as internal fixation of long bones

and skeletal traction may lead to an infection of the bone. Osteomyelitis may
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develop as a consequence of contiguous spread of infection from an adjacent soft

tissue infection, particularly if vascular insufficiency is present. The major risk

factors for the development of chronic infection of bone are inadequate or

delayed management of acute osteomyelitis and unrecognized bone infection.

Two groups of patients who have an increased susceptibility to acute skeletal

infections are those with sickle cell anemia and those with chronic granulomatous

disease. Prevention of osteomyelitis includes decreasing the incidence of bacter-

emias, inoculation injuries, and wound infections. Since achieving these goals

completely is not possible, osteomyelitis will remain a major problem for the

foreseeable future.
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I. INTRODUCTION

Septic arthritis is an inflammation of the joint space, synovial fluid, synovium,

and articular cartilage caused by a variety of microorganisms. Acute infections

are generally caused by pyogenic bacteria and called acute bacterial or septic

arthritis. The process is generally acute and constitutes a medical emergency; if it

is untreated for even 24 to 48 hours, permanent joint damage may result.

Common pyogenic bacteria including Staphylococcus aureus, Streptococcus

spp., Haemophilus influenzae, and Neisseria gonorrhoeae cause the vast majority

of episodes. The aerobic gram-negative bacilli and anaerobes account for

additional cases.

Chronic infections are most often caused by mycobacteria or fungi. Sterile

or reactive arthritis is an inflammatory reaction that is generally secondary to

infection in another part of the body. It may be associated with infection

preceding hepatitis or postgastrointestinal infections with Salmonella or Shigella

spp.

Nearly 10% of the patients who have nongonococcal bacterial arthritis may

die with the infection and one-third of the survivors are afflicted with residual loss

of function in the involved joint. It afflicts all age groups and has a predilection

for immunocompromised patients. Important questions regarding the therapy of

septic arthritis include the duration of antibiotic treatment, the mode of joint

drainage, and the role of physical therapy.
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II. MICROBIOLOGICAL CHARACTERISTICS

Virtually every bacterial organism has been reported to cause septic arthritis. The

specific etiological agent in any given patient can be anticipated by identifying the

patient’s age, host factors, and presence of prior disease (Table 1). Staphylococcus

aureus has been the most common cause of nongonococcal bacterial arthritis over

the course of the last four decades (1,2). In 1990 an increased incidence of gram-

negative organisms, especially Escherichia coli and Pseudomonas aeruginosa, in

the elderly debilitated population was reported (3).

S. aureus causes most cases of bacterial arthritis in human immunodefi-

ciency virus–(HIV)-positive patients who are intravenous drug users. However,

HIV infection predisposes patients to joint infections with opportunistic as well as

common pathogens (4–6).

In patients with sickle cell disease, Salmonella spp. as well as gram-positive

and other gram-negative bacteria have been isolated from infected joints. In the

neonate with prolonged hospitalization and instrumentation, coagulase-negative

staphylococci, gram-negative enteric bacteria, and fungi have been isolated. N.

gonorrhoeae is the most common cause of acute joint infection in young adults

between 15 and 40 years of age in the United States.

Historically, H. influenzae, S. aureus, and group A streptococci were the

most common causes of infectious arthritis in children below 2 years of age.

However, the overall incidence of H. influenzae as a cause of septic arthritis is

decreasing because of the H. influenzae type b (Hib) vaccine now given to

children (7). A 1997 study of 165 cases of acute hematogenous osteomyelitis or

septic arthritis treated in the years before and after the advent of the Hib vaccine

demonstrated that musculoskeletal infections due to this bacterial species were

reduced to nearly nonexistent levels (8). Therefore, the coverage of H. influenzae

as part of the empirical antibiotic coverage may no longer be needed in the

management of acute septic arthritis in Hib-vaccinated children. While H.

Table 1 Causative Organism in Septic Arthritis by Age in Years (Percentages)

2 Yr 2–15 Yr 16–50 Yr 75 Yr

Staphylococcus aureus 35 50 15 75

Streptococcus pyogenes 15 20 5 5

Streptococcus pneumoniae 10 10 – 5

Haemophilus influenza, type B 35 2 – –

Neisseria gonorrhoeae – 10 10 –

Others 5 8 10 15

Gram-negative bacilli 5 7 9 15

Anaerobes – 1 1 –
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influenzae has lost its predominance as the most commonly identified gram-

negative pathogen in pediatric populations, the normal oropharyngeal resident of

young children Kingella kingae may have taken its place, specifically in patients

less than 24 months of age (9–12). In fact, a 1998 study found that nearly half of

the clinical isolates from acute septic arthritis patients less than 2 years old were

K. kingae (11). However, these results have yet to be seen in other regions.

Clinical data suggest that the organism may gain access to the bloodstream in the

course of an upper respiratory infection or stomatitis (13). In children above the

age of 2, S. aureus, streptococci, H. influenzae, and N. gonorrhoea have usually

been isolated (14–16), but H. influenzae may have also lost its predominance in

this patient age group as mentioned previously (10).

Microbiological associations exist with concomitant disease states. Septic

arthritis after cases of infectious diarrhea may be caused by Shigella spp.,

Salmonella spp., Campylobacter spp., or Yersinia spp. (17,18). However, these

cases may reflect a form of reactive arthritis. A rare form of migrating

polyarthritis may be caused by Streptobacillus moniliformis. In HIV-infected

patients, S. aureus continues to be the most common isolate (approximately 30%)

(6). However, there is an increased number of opportunistic pathogens isolated

from this patient subset, including Streptococcus pneumoniae, mycobacterial

species, and fungal species (14,16). Anaerobic bacteria have been seen primarily

after surgical arthroplasty or traumatic injuries of the extremities (19). Bacter-

oides species appear to attack the sternoclavicular and sacroiliac joints. Table 2

summarizes the relationship between certain epidemiological situations and the

infecting agents.

Table 2 Relationships Between Organisms and Underlying Epidemiological Conditions

Organisms Epidemiological condition

Neisseria gonorrhoeae Menstruation or pregnancy

Neisseria meningitis Chronic meningococcemia

Haemophilus influenza Children less than 2 years

Pasteurella multocida Cat or dog bite

Eikenella corrodens Human bite

Fusobacterium nucleatum

Streptobacillus moniliformis Rat bite

Borrelia burgdorferi Tick exposure

Brucella spp. Ingestion of nonpasteurized dairy products

Sporothrix schenkii Injury: rose thorns, splinters, moist soil

Mycobacterium marinum Trauma in aquatic environment

Staphylococcus aureus or Intravenous drug abuse

Pseudomonas aeruginosa

Mycobacterium kansasii Monoarticular synovitis
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III. PREDISPOSING CONDITIONS

Table 3 lists some of the predisposing factors for infectious arthritis. Intravenous

(IV) drug abuse appears to be a risk factor for the development of bacterial

arthritis. S. aureus, P. aeruginosa, and Serratia marcescens have been isolated. In

these IV drug abusers there was an increased frequency of infection of the

sacroiliac joints, sternal articulations, and pubic symphysis (20). Chronic inflam-

mation and joint damage as seen in gout, osteoarthritis, and rheumatoid arthritis

are predisposing factors for joint infection. Joint trauma, joint surgery, and

presence of a joint prosthesis are also risk factors because damaged joints act

as a nidus for bacterial infection. Patients with chronic underlying illnesses

(systemic lupus erythematosus, diabetes, renal failure, HIV, etc.) have suppressed

or defective immune functions and are susceptible to increased bacterial infec-

tions.

Table 3 Predisposing Factors in

Infectious Arthritis

Adults

Immunosuppressive therapy

Joint trauma

Penetrating injury

Intra-articular injections (rare)

Preexisting arthritis

Osteoarthritis

Rheumatoid arthritis

Crystal-induced arthritis

Presence of joint prosthesis

Arthroscopic procedures (rare)

Serious chronic illness

Cancer

Systemic lupus erythematosus

Chronic liver disease

Diabetes

Human immunodeficiency virus

Hemoglobinopathy

Intravenous drug abuse

Children

Trauma

Contiguous osteomyelitis

Systemic illnesses
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IV. PATHOGENESIS

There are three modes by which a joint space may be seeded in both children and

adults; the most common cause is hematogenous. Roughly 50% of patients with

septic arthritis have concomitant positive blood culture findings. A primary

source such as otitis and endocarditis should be sought. Although not all episodes

of bacteremia result in joint infection, the risk for the development of infection is

increased by local factors in the joint (e.g., recent trauma, rheumatoid arthritis,

preexisting joint disease) systemic factors in the host (e.g., parenteral drug abuse,

corticosteriod use, immunosuppressive medication, malignancy) or finally prop-

erties of the infecting organism (e.g., gram-positive cocci as the etiological agent

of nongonococcal septic arthritis).

A small percentage of cases result from direct inoculation of the joint space,

either accidentally (e.g., atypical mycobacteria, actinomyces) or iatrogenically

(e.g., arthrocentesis, instillation of corticosteroids). In children, septic arthritis can

develop from a contiguous infection such as osteomyelitis. Septic arthritis may

also result from the spread of a contiguous infection (Mycobacterium tubercu-

losis) in adults.

Once the synovium is seeded, the resulting inflammatory reaction may

result in rapid destruction of the articular cartilage. The drainage to the joint

results from increased intra-articular pressure and the release of proteolytic

enzymes from the polymorphonuclear leukocytes, which degrade the cartilage

(21,22). Since this cartilage is avascular and unable to regenerate, permanent

damage results.

Endocrine factors seem to play an important role in the pathogenesis of

gonococcal infectious arthritis. There is a greater incidence of gonococcal

arthritis in women, and women are more susceptible to gonococcal bacteremia

during pregnancy, in the postpartum period, and during the first week of the

menstrual cycle. Rubella arthritis occurs primarily in postpubertal women and

mumps arthritis is seen exclusively in postpubertal men (23).

Recovery from various systemic infections has been associated with a

reactive arthritis related to the immune response. The postinfectious arthritis that

follows gastrointestinal infections with Shigella, Salmonella, Campylobacter, and

Yersinia spp. occurs most often in persons with human leukocyte antigen B27

(HLA-B27) histocompatibility antigen (24). Inpatients with hepatitis C infection

arthritis secondary to antigen-antibody complex formation may develop.

V. CLINICAL FEATURE OF BACTERIAL ARTHRITIS

The clinical findings in gonococcal and nongonococcal infectious arthritis in

adults are outlined in Table 4. The presenting symptoms in disseminated
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gonococcal infections may be insidious; migratory polyarthralgias, fever, derma-

titis, urethral or vaginal discharge, and tenosynovitis are the most common

findings. Only 30%–40% of these patients have the classic bacterial arthritis

symptoms of fever, localized symptoms of warmth, pain, swelling, and tenderness

over the involved joint. When tenderness in present, it is often diffuse in its

periarticular location in contrast to the ‘‘point tenderness’’ often noted in acute

osteomyelitis. Often, there is a palpable joint effusion, and most patients

experience decreased active and passive motion of the involved joint, a sign

that often distinguishes septic arthritis from bursitis or cellulitis (25). Radio-

graphically the joint capsule may be distended with fluid, accompanied by soft

tissue swelling; less commonly destructive changes in the bony structure are

evident. The latter may occur with pyogenic arthritis in which there has been

delay in diagnosis or in mycobacterial infection or in infections complicated by

rheumatoid arthritis.

Septic arthritis is generally monoarticular and weight-bearing joints are

most commonly affected (Table 5). Nearly half of the cases of septic arthritis in

adults involve the knee joints, followed in descending order of frequency by the

hip, elbow, ankle, wrist, shoulder, sternoclavicular joint, sacroiliac joint, and

small joints of the hands and feet. Joints involved in acute pyogenic arthritis are

usually warm, tender, and erythematous. Ninety percent of patients have joint

effusions associated with general constitutional symptoms such as malaise and

fever. Misleading symptoms may also be seen in bacterial arthritis of the hip and

sacroiliac joints, where pain may be referred to the abdomen or knee. In older

individuals with a history of chronic degenerative joint disease, a definitive

diagnosis may be delayed because symptoms are erroneously attributed to the

underlying condition rather than to an infectious process. In neonates, the clinical

features of infectious arthritis are those of septicemia or fever of unknown origin.

Table 4 Comparison of Clinical Findings in Gonococcal and Nongonococcal Bacterial

Arthritis

Gonococcal Nongonococcal

Generally healthy young adults Generally elderly or immunocompromised

Polyarticular arthritis (> 50% of cases) Monoarticular arthritis (> 80% of cases)

Tenosynovitis common Tenosynovitis rare

Rash common Rash unusual

Blood culture results positive in < 10% Blood culture results positive in > 50%

Joint culture results positive in < 25% Joint culture results positive in > 90%

Rapid response to antibiotic treatment Slow response to antibiotics and drainage

Generally good prognosis Variable prognosis

Source: Modified from Ref. 39.
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The clue to diagnosis here is a careful physical examination that may reveal

localized swelling, pain on palpation or passive movement of the joint, and

decreased movement of the extremity.

Pustular skin lesions similar to those commonly observed in disseminated

gonococcemia have been described in patients with meningococcal arthritis

(26,27) and in occasional patients with septic arthritis due to group A streptococci

(28) and H. influenzae (12). Polyarticular nongonococcal infection occurs in

10%–20% of adults and children with septic arthritis (12). In contrast, more than

one joint is involved in the majority of patients with gonococcal arthritis (29).

VI. DIAGNOSIS

The traditional ‘‘index of suspicion’’ remains the most important factor in the

diagnosis of septic arthritis. Table 6 outlines the proper evaluation of a patient

with suspected septic arthritis. The diagnosis is established by a complete history,

including an epidemiological one; physical examination; and by examination and

culture of the synovial fluid. Peripheral blood leukocyte counts are visually

elevated in children but are often within normal limits in adults. Many patients

display elevated C-reactive protein levels and erythrocyte sedimentation rates. A

suspicion of septic arthritis mandates an arthrocentesis of the suspected joint and

careful examination of the synovial fluid, if there is no contraindication (Table 7).

Synovial fluid is analyzed for total and differential leukocyte count, crystals,

glucose, and mucin clot (30). Other parameters include protein, complement, pH,

color, and turbidity. However, there is significant overlap of all these findings

among different types of inflammatory arthritis, for example septic, rheumatoid,

gouty, and pseudogouty. In septic arthritis, the leukocyte count is usually greater

than 50,000 per cubic millimeter with more than 90% of the cells polymorpho-

Table 5 Frequency of Joint Involvement in Bacterial Arthritis

Site Children (%) Adults (%)

Knee 40 50

Hip 20 25

Ankle 15 7

Elbow 15 10

Wrist 5 7

Shoulder 5 5

Interphalangeal and metacarpal 1 1

Sternoclavicular 1 8

Sacroiliac 0 2
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nuclear leukocytes. The glucose is less than 60% of simultaneous serum glucose,

mucin clot is poor, and protein levels are elevated. The appearance is cloudy or

turbid with a yellow to green hue.

Synovial fluid from any adult with monoarticular arthritis should be

examined by compensated polarizing light microscopy for negatively birefringent

(uric acid) and positively birefringent calcium pyrophosphate dihydrate crystals to

Table 6 Diagnostic Evaluation of a Patient with Septic

Arthritisa

History

Physical examination

Joint fluid aspiration

Leukocyte count

Crystals

Synovial glucose level

Gram stain

Culture (aerobic, anaerobic, fungus, mycobacteria)

Culture other sites

Blood cultures

Blood tests

Peripheral WBC

Erythrocyte sedimentation rate

C-reactive protein

Blood sugar

Roentgenograms (routine, CT, MRI, radionuclide scans)

Response to treatment

aWBC, white blood cell count; CT, computed tomography;

MRI, magnetic resonance imaging.

Table 7 Analysis of Synovial Fluid for Differing Forms of Infectious Arthritis

Glucose ratio, Diagnostic

Condition

Leukocytes,

n=mm

Predominant

Cell Type

synovial fluid

to blood

smear,

% cases

Normal 200–600 Mononuclear 0.8–1.0 0

Bacterial arthritis 10,000–100,000 > 90% PMNa < 0.5 > 90

Fungal arthritis 3,000–30,000 70% PMN 40.5 < 0.5

Tuberculous arthritis 10,000–20,000 50%–70%

PMNa

0.5–1.0 < 20

Reactive 3,000–10,000 Mononuclear 0.8–1.0 0

a PMN, polymorphonuclear leukocyte cells.
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rule out crystalline joint disease. However, simultaneous bacterial infection and

crystalline disease has been reported (31).

The ultimate diagnosis of septic arthritis is made through identification of

the infecting organism, either by Gram stain of the synovial fluid or through

culture. Prior antibiotic therapy may result in a negative culture or Gram stain

finding. If the Gram stain result is negative it is important to do an acid-fast stain

for mycobacteria and a potassium hydroxide wet mount for fungi. Cultures of

synovial fluid fail to grow organisms in a substantial number of patients in whom

there is a clinical diagnosis of septic arthritis. Several reasons have been proposed

for the inability to obtain positive culture results, including prior use of

antibiotics, inadequate anaerobic cultures, standard of the microbiology labora-

tory, changing patterns of the organisms involved and their cultural character-

istics, and failure to obtain blood for culture or to perform a sufficient number of

arthrocentesis.

Skin lesions, particularly those that can be aspirated and examined on Gram

stained smears, can provide a clue as to the presence of bacteremia (meningo-

coccal, gonococcal, or staphylococcal) and indicate a specific organism.

Imaging studies of septic arthritis can only be used to support or refute a

clinical suspicion of the disease and should not be used as an absolute diagnostic

indicator. Radiographs taken in the first 7 to 10 days of infection are of little

diagnostic help because they show only distention of the joint capsule and

periarticular swelling. Initial films should nevertheless be obtained before

arthrocentesis because one needs a baseline for comparison. Septic arthritis

may be a consequence of preexisting osteomyelitis or the presence of intra-

articular gas (rare) that would suggest Clostridium spp.; in prosthetic joint

infections, it can often demonstrate loosening of the prosthesis, which would

be revealed radiographically. Follow-up films are important in evaluating the

extent of articular damage. The presence of chondrocalcinosis on radiography

should not dissuade anyone from the diagnosis of septic arthritis.

Ultrasonography is capable of showing both intra- and extra-articular

abnormalities not apparent by plain radiography and is a very powerful tool to

detect early fluid effusions and to guide initial joint aspiration and drainage

procedures (32,33). Even small collections of fluid (1–2mL) can be accurately

detected (33). Non–echo-free effusions (due to clotted hemorrhagic collections)

are very characteristic of a septic joint. It has been suggested that the presence of

only an echo-free effusion (caused by transient synovitis and fresh hemorrhagic

effusions) may rule out the diagnosis of septic arthritis (33). This imaging

technique is also useful for detecting collections of fluids in deep joints, including

the hip. In addition, the status of the intra-articular compartment, joint capsule,

bony surface, and adjacent soft tissues, and the patient’s response to therapy can

be monitored. When one considers that this imaging technique is also noninva-

sive, inexpensive, easy to use, and devoid of irradiation or any other known
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complications, more clinicians should use ultrasonography in the diagnosis of

septic arthritis in the future.

A triple-phase radionuclide bone scan is the best earliest radiographic

diagnostic test for septic arthritis. It shows increased activity around an infected

joint. However, these findings are nonspecific and can be detected in other forms

of infectious arthropathies.

Like radiographs, computed tomography (CT) scans have limited use

during the early stages of septic arthritis. However, these scans may allow the

visualization of joint effusion, soft tissue swelling, and periarticular abscesses. In

addition, they are more sensitive than plain radiographs in the imaging of joint

space widening due to localized edema, bone erosions, foci of osteitis, and

scleroses. This scanning technique may be useful in the diagnoses of arthritis

cases that are difficult to assess, including infections of the hip, sacroiliac, and

sternoclavicular joints. In addition, they may assist in guiding joint aspiration,

selecting the surgical approach, and monitoring therapy in these difficult infec-

tions (34).

Magnetic resonance imaging (MRI) has become a useful diagnostic tool for

the early determination of the extent of musculoskeletal infection (35,36). As

with CT, MRI may be particularly useful in aiding the diagnosis of joint

infections that are difficult to access, such as sacroiliitis (37). MRI displays

greater resolution for soft tissue abnormalities than CT scans or radiographs and

greater anatomical detail than radionuclide scans. The spatial resolution of MRI

makes it useful in visualizing joint effusion and differentiating between bone and

soft tissue infections. The main disadvantages to MRI are high cost, lack of

universal availability, imaging interference due to metal implants, and lower

resolution of calcified bone structures and cortex (38). However, neither CT nor

MRI can differentiate between infectious and noninfectious joint effusions.

VII. DIFFERENTIAL DIAGNOSIS

The diagnosis of septic arthritis should be considered for any patient who has

acute monoarticular arthritis (Table 8). A number of factors should be included in

the differential diagnosis of septic arthritis:

1. Acute crystal-induced arthritis may resemble suppurative arthritis but

can be distinguished readily by the presence of crystal in the synovial

fluid.

2. Early rheumatoid arthritis, acute rheumatic fever, or Reiter’s

syndrome may mimic septic arthritis, particularly when only one or

a few joints are involved. Joint fluid analysis is necessary to

distinguish these processes from invasive infection.
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3. Acute arthritis involving one or several joints may occur in patients

with sickle cell disease, usually along with other evidence of sickle

cell crisis. Acute arthritis caused by sickle cell disease must also be

distinguished from septic arthritis, osteomyelitis, aseptic bone infarc-

tions, and gout. In acute arthritis that is caused by sickle cell disease,

the synovial fluid finding is a noninflammatory process with a white

blood cell (WBC) count of less than 1000=mm3 and mononuclear

cells predominating (39).

4. Osteomyelitis must be considered in the differential diagnosis because

it may have preceded joint involvement and may mimic septic arthritis

by virtue of associated periarticular soft tissue swelling.

5. In any patient with rheumatoid arthritis in whom fever and dispropor-

tionate involvement of one or more joints develops bacterial infection

should be suspected.

6. Unilateral sacroiliac pain with fever should point to a possible

diagnosis of sacroiliac pyarthrosis.

7. Patients with septic bursitis experience fever and an acute painful

swelling that may in some cases be mistaken for septic arthritis.

8. Trauma commonly precedes septic bursitis.

9. The diagnosis of Lyme arthritis in patients who live in endemic areas

is based on a history of exposure to ticks, a history of erythema

Table 8 Differential Diagnosis of

Septic Arthritis

Septic arthritis

Gonococcal

Nongonococcal

Nonsuppurative infectious arthritis

Mycobacteria

Fungal

Viral (hepatitis, rubella)

Syphilis

Mycoplasma

Lyme

Bacterial endocarditis

Sexually acquired reactive arthritis

Enteric arthritis

Acute rheumatic fever

Rheumatoid arthritis exacerbation

Crystal-induced arthritis

Septic bursitis

Polyarticular septic arthritis (PASA)
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chronicum migrans, or diagnostic serum titers of antibody to Borrelia

burgdorferi.

10. Twenty-five percent of patients with infective endocarditis have an

acute, sterile synovitis tenosynovitis, arthralgias, and myalgias (40).

Bone or joint infections have been reported in 15% of cases in many

series and are more common in intravenous drug users.

VIII. TREATMENT

Septic arthritis is a medical emergency that requires prompt diagnosis and

treatment within 24 to 48 hours of onset of symptoms. Delaying therapy for

more than 7 days commonly results in incomplete recovery, permanent disability,

and death. Successful management consists of four elements: prompt diagnosis,

appropriate antimicrobial therapy, drainage of the joint space, and rehabilitative

therapy.

A. Antimicrobial Therapy

The clinical setting, epidemiological history, age of the patient, and results of the

Gram stain of the joint fluid initially determine selection of antibiotics. Selection

may later be modified on the basis of culture and sensitivity findings (Table 9).

The synovial tissue is very vascular and does not have a basement

membrane. These characteristics facilitate the penetration of antimicrobial

agents from blood into infected and uninfected inflamed joints. Synovial fluid

concentrations of most antibacterials generally average at least 60% to 70% of

serum drug concentrations at the time of peak serum concentrations and

frequently exceed those in serum immediately before the subsequent systemic

dose in patients with septic arthritis (41–43). In order for therapy to be effective, it

is assumed that the antibacterial concentration attained in synovial fluid should

exceed the usual amount required to inhibit the growth of the infecting bacteria.

Optimal concentrations of antibacterial agents in body fluids are particu-

larly important in the immunocompromised host because recovery from the

infected site depends to a large extent on the effectiveness of the antibacterials. In

any host, a peak antibacterial concentration that exceeds the minimal inhibitory

concentration of the infecting organism 5- to 10-fold and a measurable trough

concentration has an excellent predictive value for a favorable outcome. Ceftriax-

one should be used to treat gonococcal arthritis in most areas, since penicillin-

resistant strains are being increasingly reported.

The route and duration of antibiotic therapy are still controversial in the

treatment of septic arthritis. Parenteral antibiotics obtain adequate levels in the

joint fluid, and intra-articular injection of antibiotics is not indicated for the
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therapy of bacterial arthritis. In fact, intra-articular antibiotics may produce a

chemical synovitis. Parenteral antibiotics should be given for 14 days or longer;

the only exception is gonococcal arthritis, in which the organisms are usually very

sensitive and 7 days suffices. However, when the organism is difficult to eradicate

(such as S. aureus or gram-negative bacilli), parenteral treatment should be given

for 4 weeks. Parenteral antibiotics can be changed to oral antibiotics if there is a

good clinical response, but serum and synovial fluid concentrations of oral

antibiotics must be bactericidal for effective therapy. For patients with nongono-

coccal infectious arthritis, most physicians administer antibiotics intravenously

for 2 weeks, followed by 1 to 2 weeks of oral antibiotics. When the infection is

difficult to eradicate, parenteral therapy is given for 4 weeks or for 2 weeks

followed by a 4- to 6-week course of oral antibiotics. In gonococcal arthritis,

parenteral therapy can be changed to oral therapy in 3 to 4 days if there is a good

clinical response.

The effectiveness of treatment can be determined by serial examinations of

the synovial fluid. Sterility should be achieved within a few days, but the

leukocyte count may take a week to drop markedly. Few controlled studies

assessing the optimal duration, dose, or route of administration of antibiotics in

nongonococcal arthritis exist (41).

B. Surgical Therapy

Draining the infected joint allows removal of debris and toxin, which if allowed to

accumulate would result in the destruction of the articular surfaces and the

formation of adhesions. There are several methods available to achieve drainage,

ranging from closed-needle aspiration to open drainage (Table 10). However,

there are no universally accepted standards for drainage.

The joint should be aspirated by needle as often as required to remove pus,

which contains enzymes that destroy cartilage. Repeated aspirations may be

required for 7 to 10 days until the leukocyte count decreases and the synovial

fluid remains sterile. Knees, ankles, wrists, and elbows usually can be drained

adequately by needle aspiration. However, deep joints such as hips, shoulders,

axial joints, and the sternoclavicular joint often necessitate open surgical

drainage. Indications for open surgical drainage include the following:

1. Presence of loculations incompletely removed by repeated aspirations,

especially when S. aureus is the pathogen

2. Persistently high neutrophil counts (>25,000 per cubic millimeter) in

the joint fluid or positive culture results despite appropriate antibiotic

treatment and multiple closed aspirations

3. Hip and other deep joint infections that cannot be aspirated with a

needle
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After open drainage, the wound should be allowed to heal by secondary

closure and antibiotic therapy should be continued for another week.

Arthroscopy and open arthrotomy should be considered when lysis of

adhesions or synovectomy is being considered, when there is adjacent osteomye-

litis, or when a trial of aspiration is unsuccessful (44–47). Arthroscopy can be

also used to obtain synovial tissue for culture and histological testing when

aspirated synovial fluid culture findings are negative and a bacterial identification

is important to further treatment. This procedure is particularly valuable with

fastidious organisms (44,48,49). Tidal irrigation, consisting of repeated distention

and irrigation of the joint, may eliminate the need for surgical drainage (46).

C. Rehabilitation

Removable splints or casts, physical therapy, and active exercises are important

for optimal recovery. Recently there has been support for early and aggressive

mobilization after septic arthritis. However, weight bearing should be prevented

until all signs of inflammation subside. Maintaining the joint in a position of

maximal function by strict immobilization is not required. In fact, clinical

observations have revealed deleterious effects of prolonged immobilization on

synovial joints, including stiffness, pain, muscle atrophy, disuse osteoporosis, and

later degenerative arthritis. Early continuous passive motion has the following

benefits: prevention of adhesions and pannus formation, improvement in cartilage

Table 10 Comparison of Drainage Procedures

Tidal

Aspiration irrigation Arthroscopy Arthrotomy

Location Bedside Bedside Operating room Operating room

Anesthesia Local Local Regional=general Regional=general
Joint

accessibility

Limited to large

superficial

joints; requires

repeated

aspirations

Limited to

large

superficial

joints

Limited to

large joints

All joints

Drainage

capability

Modest Modest Excellent Excellent

Adhesion lysis No No Yes Yes

Synovectomy No No Yes Yes

Morbidity Minimal Minimal Moderate Significant

Recovery time Short Short Short Prolonged

Cost Inexpensive Inexpensive Modest Expensive
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nutrition through increased diffusion of synovial fluid, enhancement of clearance

of enzymes in purulent exudate from the infected joint, and stimulation of

chondrocytes to synthesize the various synovial matrix components (50,51). It

has been recommended that passive range of motion be started during the first

week of treatment, followed by active motion as soon as the patient permits it,

usually within 1 or 2 weeks (50–52). Isometric exercise should be started on the

first postoperative day, followed by range of motion exercise 1 or 2 days after

removal of the drainage catheters (48).

Overall, the optimal time for initiating isometric exercise or range of

motion exercise is not certain and remains controversial. Splinting versus

continuous passive motion treatment for a joint with pyarthrosis is also contro-

versial.

IX. COURSE OF ILLNESS AND PROGNOSIS

A permanent loss in joint function is seen in approximately 40% of patients with

nongonococcal septic arthritis but ranges between 10% and 73% (2,53–55).

Certain clinical findings are associated with poor prognosis (Table 11). The

mortality rate associated with this disease is usually between 5% and 20% and is

often a result of the transient or chronic bacteremia that causes most of the cases

of septic arthritis and underlying host factors (malignancy, neonate, rheumatoid

arthritis, etc.) (2,53–56). Septic arthritis in patients with rheumatoid arthritis (RA)

has a mortality rate of about 20%, and a large proportion of survivors are left with

diminished joint function. Case fatality rates are much higher among those with

polyarticular septic nongonococcal arthritis (PASA) versus those with mono-

articular infection (30% versus 4%, respectively) (57). Patients who have PASA

have a very poor prognosis, which is due to the associated bacteremia and

reduced ability to resist the infection. However, PASA may result in very high

rates of mortality in patients infected with staphylococcal species (up to 56%

mortality rate) and those with a concomitant diagnosis of rheumatoid arthritis (up

to 49% mortality rate) (37).

Table 11 Predictors of Poor Outcome with Bacterial Arthritis

Age above 60 years

Infection in hip and shoulder

Severe underlying disease (rheumatoid arthritis, malignancy, etc.)

Duration of symptoms before treatment >1 week

Persistently positive culture results after 7-day course of appropriate therapy

Demonstrated bacteremia
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The prognosis for patients suffering from gonococcal arthritis is very

favorable with a rapid diminution of symptoms and a full return of joint function.

In rare cases of DGI (1%–3%), complications such as endocarditis, pericarditis,

osteomyelitis, pyomyositis, perihepatitis, and meningitis may occur.

The outcome in patients with septic arthritis due to some of the more

virulent organisms such as superantigen-producing S. aureus and certain gram-

negative bacilli is poor in spite of optimal therapy (58). The elderly demonstrate a

high mortality rate (19%–23%) associated with septic arthritis since these patients

often have preexisting medical conditions (e.g., diabetes mellitus) and joint

diseases (e.g., osteoarthritis and rheumatoid arthritis) (3,59–61).

X. SPECIAL FORMS OF ARTHRITIS

In patients who experience fever, rash, lymphadenopathy, arthritis, or arthralgia, a

viral cause should be considered. Arthropathy may be acute, subacute, or chronic.

The most common viral diseases associated with arthropathy are rubella, mumps,

hepatitis B, Epstein-Barr virus (associated with symptoms of infectious mono-

nucleosis), parvovirus B19 (produces erythema infectiosum, (fifth disease), alpha

viruses (Ross River virus in Australia, Chikungunya in Southeast Asia), and

parvovirus (in the United Kingdom) (Table 12). Synovial fluid samples reveal an

abundant presence of mononuclear leukocytes, and normal joint glucose and

lactate levels are usually found (44,62). Clinical and epidemiological clues often

lead the clinician to appropriate serological studies via antibody titers.

Tuberculosis Arthritis

Tuberculosis arthritis is a rare form of extrapulmonary tuberculosis that occurs in

less than 1% of tuberculosis patients. However, with the advent of acquired

immunodeficiency syndrome (AIDS) an increased incidence of articular involve-

ment can be expected in these immunocompromised patients. Articular involve-

ment is the result of either dissemination of infection from the original pulmonary

primary focus or reactivation of a previously seeded by quiescent skeletal focus.

At present, patients suffering from tuberculosis arthritis who are not

infected with HIV are 30 to 60 years of age, whereas we formerly saw it in

children and adolescents. Both M. tuberculosis and atypical mycobacteria (M.

intracellulare and M. kansasii) have been responsible for joint infection

(28,63,64). Predisposing factors in the development of articular involvement

include joint trauma, systemic illness (e.g., systemic lupus erythematosus, HIV,

diabetes mellitus), narcotic addiction, and intra-articular injection of cortico-

steroids. Usually, the infection is monoarticular (spine, hips, knees, ankles) and is

characterized by insidious onset, weight loss, and low-grade fever. Although
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examination of synovial fluid can detect acid-fast organisms in about 20% of

culture-positive joint effusions, an open synovial biopsy definitely establishes the

diagnosis. Resting of the inflamed joint during the acute stage followed by 18 to

24 months of antituberculosis therapy is the principal therapeutic measure.

Débridement, synovectomy, or even joint fusion may be required if there has

been extensive destructive change.

C. Fungal Arthritis

Fungal arthritis is rare and generally follows a chronic indolent course. Fungal

arthritis can be divided into two groups: the mycostic agents that produce primary

invasive systemic infections, such as Histoplasma, Coccidioides, and Blasto-

myces spp., and those that produce opportunistic infections, such as Candida,

Cryptococcus, and Sporothrix spp. (65–68). Fungal arthritis is monoarticular; the

knee is the most commonly affected joint, followed by the wrists and elbows. The

patients have swollen joints, limited motion, chronic pain, and migratory arthritis.

The definitive diagnosis is made by synovial biopsy and culture. The treatment of

choice is still intravenous amphotericin B. Data are still lacking on the newer oral

antifungals, fluconazole and itraconazole.

D. Syphilitic Arthritis

Arthritis can occur in congenital, secondary (rare), or tertiary syphilis. Children

and teenagers with congenital syphilis may have only a painless synovitis with

effusion in the knees and elbows. Neuropathic joint disease, most commonly

involving the knees, and gummatous osteoarthritis of the large joints occur in

tertiary syphilis. The treatment of choice is penicillin given in a dosage

appropriate for the particular stage of syphilis.

E. Mycoplasma Arthritis

Septic arthritis has resulted from infection with Mycoplasma hominis, Myco-

plasma pneumoniae, and Ureaplasma urealyticum. In some patients who have

hypogammaglobulinemia polyarthritis resembling rheumatoid arthritis develops;

in others acute septic arthritis develops (69). Mycoplasmas and ureaplasmas have

been cultured from their joint fluids (70–72). The condition is responsive to

antibiotic treatment with tetracycline or erythromycin.

F. Reactive Arthritis

An inflammatory joint response to extra-articular rather than intra-articular

presence of microorganisms may be defined as reactive arthritis (73). Therefore,
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although infection can be demonstrated at a distant site, joint inflammation occurs

without traditional evidence of sepsis at the affected joint(s). Most cases are

associated with the major histocompatibility complex antigen HLA-B27. Also,

patients usually have recent microbial infections in distal sites that include the

gastrointestinal (e.g., Shigella spp., Salmonella spp., Campylobacter spp., or

Yersinia spp.), genitourinary (e.g., chlamydia and mycoplasmas), and respiratory

(e.g., Streptococcus pyogenes) tracts (24). Patients have a sterile, inflamed joint

and may also demonstrate enthesopathy, uveitis, conjunctivitis, or skin and

mucous membrane lesions (28). Specifically, poststreptococcal reactive arthritis

can follow group A streptococcal infection; it causes nonmigratory arthritis, lack

of response to aspirin or nonsteroidal anti-inflammatory agents, and presence of

extra-articular manifestations, including vasculitis and glomerulonephritis (74).

Studies in 1999 utilizing immunofluorescence, immunohistochemical, and

polymerase chain reaction (PCR) techniques detected persistent microbial anti-

gens within joints affected with reactive arthritis (73). These results may be

explained by one hypothesis that describes the presence of bacteria and=or their
antigens as a reflection of the persistence of small numbers of latent, noncultur-

able microbes in the joint space. This hypothesis may be valid in specific cases

(e.g., chlamydia-triggered reactive arthritis) since the early administration of

tetracycline therapy may reduce the length of disease and the associated articular

damage (75). However, antibiotics are usually ineffective, especially when given

at later stages of reactive arthritis. Therefore, another hypothesis is that the

detection of microbial products may reflect only the natural filtering action of the

synovium and the subsequent concentration of these products, thereby stimulat-

ing inflammation.

G. Prosthetic Joint Infections

The increased use of implanted prosthetic joints has provided a physiological

niche for pathogenic organisms to cause septic arthritis. In fact, prosthetic joint

implantation or replacement is the single most common cause of joint infections.

The prevalence of infection after total knee or hip arthroplasty is estimated to be

approximately 1%–2%; the incidence rate can climb to 4.4% in patients who have

rheumatoid arthritis (76).

Prosthetic joint infections are manifested differently according to the length

of time since placement of the device (77,78). Infections occurring within the first

3 months after surgery usually result from intraoperative wound contamination by

coagulase-negative staphylococci. Typical signs of early joint infection are pain,

erythema, wound drainage, hematoma formation, and superficial necrosis of the

incision. Fever is an unreliable indicator of the presence of infection.

Late infections may occur from 3 months to many years after surgery. Such

infections usually result from hematogenous seeding of the device followed by
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bacterial production of a biofilm, which protects organisms from host immunity

and antibiotics. Most patients have a prolonged indolent course of joint pain.

Fever and leukocytosis are usually absent. The most common bacteria in late

infection are S. aureus.

H. Septic Bursitis

Patients with septic bursitis report fever and an acute painful swelling that may in

some cases be mistaken for septic arthritis. Skin trauma commonly precedes

septic bursitis. The olecranon and the prepatellar bursae are the most common

sites of septic bursitis. A skin wound can often be identified as the portal of entry,

and most of these infections are due to S. aureus. The bursal fluid is usually

purulent, the Gram stain smear result is often positive, and the synovial fluid

culture result indicates a definite diagnosis. Antibiotics and drainage should be

initiated immediately.

I. Lyme Disease

Lyme disease may produce a chronic monoarthritis, especially of the knee (79).

Earlier cardinal symptoms include the typical erythema migrans skin lesion and

transient polyarthralgias with virus-like features, including fever, headaches, and

a variety of neurological signs. The chronic arthritis occurs at a median of 6

months after the erythema migrans. Joint effusions may be massive but often

resolve without treatment and then recur. Chronic persistent synovitis develops in

20% of patients with untreated Lyme disease. The serological test results are

confirmatory but many false-positive results may occur if the test is ordered for

patients who do not manifest the typical clinical features of Lyme disease.

The diagnosis of Lyme arthritis in patients who live in endemic areas is

based on a history of exposure to ticks and a history of erythema chronicum

migrans. Culture of Borrelia burgdorferi from specimens in Varbour-Stoemer-

Kelly medium permits a definitive diagnosis; an antibody response to B.

burgdorferi by enzyme-linked immunosorbent assay (ELISA) is also available

(80,81). Parenteral antibiotics are generally effective, but antibiotic failures do

occur in chronic Lyme arthritis regardless of mode or duration of therapy.

J. Polyarticular Septic Arthritis

Acute bacterial arthritis is most often monoarticular. However, polyarticular

infection occurs in 5% to 8% of pediatric cases and in 17% to 19% of

nongonococcal adult cases. N. gonorrhoeae, B. fragilis, H. influenzae, S.

pneumoniae, Streptococcus spp., and S. aureus are species with a predilection

for polyarticular involvement; S. aureus accounts for half of all cases (57,82).
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Prior disease in multiple joints predisposes to the development of polyarticular

sepsis (e.g., 18%–35% of rheumatoid arthritis patients with joint infection have

polyarticular involvement) (57). Polyarticular sepsis may not present florid

systemic or local features (28,83), and poorer prognosis is related to older age

(75 years), rheumatoid arthritis, or staphylococcal infection. The overall mortality

rate (30%) has not changed over several decades.

K. Human Immunodeficiency Virus

Although patients infected with HIV demonstrate a higher prevalence of

musculoskeletal infections than the general population (approximately 60 cases

per 100,000 versus 2–10 cases per 100,000 yearly incidence rates, respectively),

it is unclear whether this higher occurrence is due to the viral disease or to the

increased incidence of intravenous drug abuse and multiple transfusions in this

patient population (6,55,84). Intravenous drug users are at risk for septic arthritis

and HIV infection (85). HIV-positive patients who were also intravenous drug

users had involved sites other than the hips, knee, and sacroiliac and sternocostal

joints and organisms isolated other than S. aureus, C. albicans, and M.

tuberculosis (86–89). Most HIV-positive patients do not have profound immu-

nodeficiency at the time of septic arthritis (86). Salmonella spp. septic arthritis

has also been reported in patients with HIV infection (89).

L. Septic Arthritis in the Elderly

In 1990, 12% of the population of the United States, or 32 million people, was 65

or older. By the year 2050, 64 million Americans will be 65 and over (3,59). The

older patient is more likely to display some of the systemic factors that impair

host defense. The most common comorbidities among adults with septic arthritis

are diabetes mellitus, cirrhosis, chronic renal failure, rheumatoid arthritis, and

neoplastic disease (1). Other major risk factors for infectious complications are

associated with the management of these chronic ilinesses, including invasive

diagnostic procedures, surgical interventions, and use of immunosuppressive

drugs.

The aging process in itself can lead to the decline of immune function and

increased susceptibility to infectious diseases (61). The decline in immunity in

the elderly causes a generalized reduction in the immune response to foreign

antigens. The greater susceptibility to infections is due to the effects of age on the

immune system and immune suppression caused by age-related illnesses.

Specifically, the deficient immune response to foreign antigens results from the

loss of thymic and T-lymphocyte function (mainly related to the production and

response to interleukin 2 [IL-2]) and associated decrease in antibody production

by B cells (90). Underlying joint disease (e.g., osteoarthritis or rheumatoid
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arthritis) is another indicator that despite optimal treatment, the patient will have a

poor prognosis (57,83). This poor prognosis is often due to a delayed diagnosis

since the clinical symptoms of septic arthritis are often mistaken for symptoms

related to the preexisting joint disease.

XI. CONTROVERSIES AND CONCLUSIONS

There are a number of unknowns in the treatment of septic arthritis, which are due

to a lack of randomized double-blind comparative studies. They are as follows:

1. Route of administration and duration of treatment have not been

established.

2. The preferred method of drainage (needle aspiration, open drainage, or

arthroscopy) has not been adequately studied.

3. The advantages of splinting versus continuous passive motion treat-

ment and the optimal time for initiating isometric and range of motion

exercises are unknown.

With further study of some of the intricacies of septic arthritis treatment,

some conclusions can be drawn:

1. Infectious arthritis attacks all age groups and has a predilection for

immunocompromised patients.

2. The age of the patient and underlying medical condition provide

important clues to the causative infectious agent.

3. Successful management depends on prompt diagnosis, appropriate

antimicrobial therapy, and drainage of the joint space.

4. Initially, the choice of antibiotics is often empirical at the onset of

therapy and may be changed when culture and sensitivity data are

available.
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I. INTRODUCTION

Although the hand has continual exposure to day-to-day trauma, it seems to suffer

the ravages of infection less than other body parts (1). Yet illicit drug use (2),

delay in appropriate treatment (3), and open fractures (4) have all demonstrated

that infections of the hand and upper extremity are a significant problem. A 30%

frequency of both aerobic and anaerobic infections (5) and an increase in the

occurrence of mixed infections (those having both gram-positive and gram-

negative organisms) (6) require the physician to understand various types of

infections thoroughly. A solid understanding of the anatomical characteristics is

also necessary.

Establishing a correct diagnosis of an infection is paramount. Many

conditions mimic infection, and appropriate evaluation and treatment of these

conditions have a major impact on the patient’s well-being. For example,

pyoderma gangrenosum (Fig. 1) has a characteristic appearance of an ulcer

that has central necrosis and surrounding bluish discoloration. It is associated

with other systemic diseases, including ulcerative colitis, rheumatoid arthritis,

and diabetes, and its treatment is different from that for infection, usually

requiring steroids and only local wound care (7). Other diseases that can simulate

infection include gout (Fig. 2A,B,C) brown recluse spider bites, metastatic

lesions, pseudogout, chemical injuries, and even fascitious injuries (8).

Aerobic and anaerobic cultures should be tested before beginning antibiotic

therapy, and if any question regarding the nature of the infection occurs,

mycobacterial cultures and biopsy specimens should be sent for laboratory

evaluation.
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Awareness of underlying medical problems assists in the diagnosis and

treatment of infections of the hand (9–11), and a thorough history and physical

examination are necessary. Allergies to medicines, environmental factors, and a

history of tetanus prophylaxis should be noted. The evaluation of the affected area

should also include radiographs to rule out fractures or foreign materials.

Basic surgical principles must be adhered to when treating these infections.

Perhaps no facet of the treatment is more important than adequate débridement.

Whether treating acute or chronic infection, insufficient drainage and insufficient

removal of infected and=or necrotic tissue severely lessen the chance for

successful treatment. Initially, the wounds should be left open or provided with

drainage conduits. Although the literature does note that primary closure of

infected wounds might be acceptable if one has adequate débridement with

excellent skin coverage (12), the safest course is to prevent complete wound

closure at the primary débridement. Delayed primary closure and skin grafting of

the wound are acceptable (13).

Occupational therapists should be involved early in the treatment of these

patients. Stiffness and limited function result if appropriate splinting and range of

motion exercises are not initiated at the onset of treatment.

Figure 1 Pyoderma gangrenosum manifested through ulcerating lesions with central

necrosis and spreading along peripheral margins.

212 Schnall



(a) (b)

(c)

Figure 2 Gout: This patient was referred after several incision and drainage procedures

for ‘‘infection.’’ (a) Note the swelling and previous incision scar. (b) Radiographic changes

showing erosion similar to but not due to infection, especially when the soft tissue swelling

on the radiographs and the patient’s past medical history are considered. (c) Classic

‘‘chalky’’ material consistent with tophus.
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The following sections discuss infections as they relate anatomically to the

upper extremity. The complex anatomical features of the hand not only allow

infections to manifest themselves in a characteristic fashion, but also allow these

problems to be discussed in a somewhat systematic manner. After discussion of

general concepts, such as osteomyelitis and septic arthritis, we proceed to discuss

specific areas of the hand that can become infected in more depth.

II. OSTEOMYELITIS

Osteomyelitis is not as common in the upper extremity as it is in other areas,

representing only approximately 10% of all reported cases of osteomyelitis (14).

This is probably due, in part, to the excellent blood supply in the area (15).

Despite this, Reily and associates reported nearly a 50% amputation rate for digits

of the upper extremity with osteomyelitis (16). Penetrating trauma, vascular and

connective tissue diseases, and diabetes are all associated with the development

of osteomyelitis. Human bite wounds have also led to osteomyelitis secondary to

skin and oral flora (17,18).

The increase in intravenous drug abuse increases the potential for the

development of osteomyelitis, particularly in those patients who have been

injecting drugs for many years (Fig. 3A,B). Patients who have had prior surgical

treatment and have remaining internal fixation devices are at risk for infection

with Staphyloccocus epidermedis. Otherwise, the most likely organisms are

Staphyloccocus aureus or a Streptococcus species. Mutilating injuries can

cause mixed infections of gram-positive and gram-negative bacteria (19).

Depending on the extent of bone involvement, débridement may require osseus

reconstruction. Usually small defects of the bone heal or cancellous bone grafts

can be used (20). If the defect is substantial, corticocancellous grafts and

vascularized bone grafts supplemented with skin coverage by grafts or flaps are

an alternative. Bone grafting is performed at a later surgery, usually 3 to 8 weeks

after the primary débridement, to ensure a clean wound. Larger defects can be

initially treated with antibiotic-impregnated cement spacers or beads, or closed

irrigation drainage (21,22). Internal fixation is routinely necessary and must

achieve the most stable fixation possible so early motion can be initiated. As has

been mentioned, amputation is sometimes a necessary option. Stiffness and

limited use of the entire hand, which may occur after osteomyelitis of a part of

the hand, may make amputation a more functional and useful treatment for the

patient.

Since débrided bone takes approximately 4 to 6 weeks to achieve

substantial healing for protection by revascularized tissue (23), antibiotics

should be given during this time.
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(A)

(B)

Figure 3 (A) A radiograph demonstrating osteomyelitis in a patient who chronically

abuses intravenous drugs. (B) Lateral radiography demonstrating bone erosions in this

patient’s radius.
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III. SEPTIC ARTHRITIS

Several diseases can simulate infection of a joint; therefore, a careful differential

diagnosis must be made. Although there are some instances when sepsis of joints

seems to occur without antecedent trauma (24), traumatic injury is the most

common inciting factor for sepsis of a joint (25). Disease variants such as

psoriatic arthritis, Reiter’s syndrome, and gout can all cause joint pain, erythema,

and warmth. Aspiration can be helpful to search for crystals (in gout, negative

needle-shaped birefringent crystals; in pseudogout, rhomboid-shaped positive

birefringent crystals); an evaluation of the white blood cell count, which is usually

lower than that found in septic joints, can be helpful as well (20).

Surgical treatment is necessary; during incisions particular attention

focuses on the joint anatomical features to ensure the maximal return of function.

This is particularly important with the proximal interphalangeal joint of the

finger. Usually a midlateral incision for the finger is used to prevent disruption of

the central slip=lateral bands in an effort to prevent late boutonniere deformity

(26). Either primary closure over drains or open management with daily soaks

and dressing changes is acceptable for treatment of pyarthrosis, but early range of

motion must be instituted.

IV. PARONYCHIAL INFECTIONS

Paronychial infections (Fig. 4) are the most common of all hand infections, and

understanding of the anatomical characteristics allows the expeditious treatment

of these problems. The paronychia are the areas just radial and ulnar to the nail.

The eponychium is the tissue proximal to the nail. Any infection in these areas

can adversely affect nail growth and cosmesis of the nail, so the patient should be

informed of this possibility. In the early stages, these infections are usually

amenable to treatment by warm saline solution soaks and oral antibiotics. The

causal organism is usually Staphlococcus aureus. If treatment is unsuccessful, or

if the infection is severe, surgical methods are indicated. Several variations of

incision and drainage of paronychia have been described, including simple

elevation of the paronychial fold, removal of a portion of the nail, and direct

incision of the paronychia-eponychial junction. The paronychia or eponychia

must be excised carefully in order to prevent injury to the germinal and sterile

matrices. After drainage, packing is placed and removed in 24 to 48 hours, at

which time soaks are begun.

Chronic paronychial infections should alert the physician to a fungal

organism (usually Candida albicans) (27). The possibility of an underlying

disease, such as diabetes, that can cause immunocompromised status in the

patient should also be considered (10,27). Surgical treatment is necessary for
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these infections, as topical agents are usually insufficient to cure the problem.

Keyser and Eaton (28) described a technique of eponychial marsupialization in

which a crescent-shaped portion of skin just proximal to the eponychium is

removed and the wound allowed to granulate (Fig. 5A,B). Bednar and Lane (29)

recommend also removing the nail as an adjunct to marsupialization to improve

results. Dressing changes and topical antifungal ointments are begun 48 hours

after surgery.

V. PULP SPACE INFECTIONS

Pulp space infections, so-called felons, are exquisitely painful entities partially

due to the anatomical feature of the region. Fibrous septae, which give structural

support to the tip and prevent shear of the soft tissues, create subcompartments

where an infection can develop, usually after a penetrating trauma. Because of the

small closed space, the pain the patient can experience is significant, and

tenderness, erythema, and swelling are clues to the diagnosis (30). ‘‘Pointing’’

Figure 4 Acute paronychia.
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of the infection may develop. Aspiration for diagnosis may be attempted, but a

negative aspiration finding may be misleading, as the subcompartment where the

pus may reside may not be found. Therefore, the recommended treatment is

incision and drainage. Either a longitudinal incision directly over the area of

‘‘pointing,’’ carefully avoiding crossing a flexor crease in a perpendicular fashion,

or an incision just volar to the nail on the ulnar or radial side (Fig. 6A,B) is made.

The lateral incision should not be too volar, because skin slough may occur.

Furthermore, the incision should never be continued around the hyponechium

(the finger pulp just volar and distal to the nail) to create a ‘‘fishmouth’’ incision;

Figure 5 Marsupialization as treatment for chronic paronychia. Notice the crescent of

skin removed proximal to the eponychial fold. Care not to injure the germinal matrix in any

surgical treatment of paronychia is important. (A) View from side of digit. (B) View from

top.

Figure 6 Suggested incisions for treatment of ‘‘felons.’’ (A) The volar longitudinal

incision can be easily used if there is pointing of the infection. However, the incision

should not be carried proximal across the distal flexion crease. (B) A ‘‘high’’ midlateral

incision can be used. Making the incision too volar risks skin slough of the pulp. This

incision should never be continued beyond the midline of the fingertip (the so-called

fishmouth incision) as a tender bulbous pulp of the finger may result.
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this can lead to a tender bulbous fingertip (31). All septae must be explored, and

the bone palpated because osteomyelitis can develop in the distal phalanx.

Acute cases respond well to the incision and drainage with dressing

changes and soaks in saline solution begun after 24–48 hours. In severe cases,

especially those in which osteomyelitis of the distal phalanx has developed,

disarticulation of the distal interphalangeal joint may be necessary.

VI. THENAR, MIDPALMAR, AND HYPOTHENAR SPACE
INFECTIONS

There are several potential spaces within the hand that can serve as sites where

purulent infections occur. The three spaces most often discussed are the thenar,

midpalmar, and hypothenar spaces (Fig. 7).

Thenar space may not be an accurate description since the adductor

pollicus muscle acts as the dorsal border, the volar border is the flexor tendons

to the thumb and index finger, the radial border is the adductor fascia and

proximal phalanx of the thumb, and the ulnar border is a fascial band from the

palmar aponeurosis to the third metacarpal. No part of this ‘‘space’’ involves the

thenar muscles directly. However, there is a direct confluence with this area and

the space dorsal to the adductor and volar to the first dorsal interosseus muscle,

which may allow for significant dorsal swelling. Surgical drainage is usually done

with an incision along the thenar crease and=or a dorsal incision in the first web

space. Because of the anatomical characteristics of the space, a combination of

incisions is prudent.

Figure 7 The palmar spaces are identified.
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The midpalmar space is defined by the fascia of the hypothenar muscles on

the ulnar side, the midpalmar septum radial, and the flexor tendons to the central

three digits volar. The dorsal border is the fascia of the second through fourth

interosseous muscles and the metacarpals of these digits. Palmar incisions that

begin more distal and radial and progress proximal, curving gently to the level of

the base of the fifth metacarpal, allow extensive exposure and drainage.

The hypothenar space is essentially the area surrounded by the fascia of the

hypothenar muscles. A septum extending from the palmar aponeurosis to the fifth

metacarpal may be identified as the radial border in some individuals. Drainage

incisions should avoid contact areas of the palm, and the radial aspect of this

space is acceptable.

VII. WEB SPACE INFECTIONS

Web space infections, often called ‘‘collar button abscesses,’’ are collections of

pus in the interdigital spaces. The palmar fascia generally acts as a barrier to

purulent material tracking dorsal. However, since this infection is usually due to

penetrating trauma, even a tiny defect in the palmar fascia allows the purulent

material to loculate dorsal to the fascia in addition to the volar collection.

Therefore, the surgeon should consider both dorsal and volar incisions to drain

these infections. The volar incisions should be either oblique or zig-zag.

Transverse incisions in the web space can lead to contracture and should not

be used. On the dorsum of the hand, a straight longitudinal incision can be used to

drain the web.

VIII. OTHER DEEP SPACE INFECTIONS

Two other spaces can also be involved as deep space infections of the hand. The

dorsal subaponeurotic space, the area below the extensor tendons and superficial

to the metacarpals, is one of these spaces. Parona’s space, a potential space

bounded on its dorsum by the pronator quadratus muscle and volar by the flexor

profundus tendons, can also be involved in deep infections of the hand.

IX. FLEXOR TENOSYNOVITIS

Flexor tendons of the fingers function essentially as ‘‘ropes’’ that pull the

appropriate digit into grasp. The tendon sheath mechanism provides a gliding

surface for these tendons as they traverse the digit, and the thickened pulley

system of the sheaths provides stability, making the mechanism function more as
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a fishing rod than as a bow and arrow. The vascular supply to the tendons is

complex and has been elucidated (32). This complex anatomical feature can lead

to increase in tissue pressures of the digit in a patient with suppurative flexor

tenosynovitis, and this effect may be of clinical significance (33,34). Although

there are many variations, the sheaths of the index, long, and ring fingers

generally begin approximately 1 cm proximal to the deep transverse metacarpal

ligaments. However, the thumb and little finger frequently have their sheaths

confluent to the radial and ulnar bursae, respectively. These bursae allow purulent

material readily to track proximal to the wrist and via one bursa and then distal

through the other, after traversing Parona’s space. This can create the so-called

horseshoe abscess. Although hematogenous spread can cause this infection,

particularly with gonococcus (35), the usual scenario involves a penetrating

injury (36) (Fig. 8A,B).

The clinical signs of slight flexion of the finger, fusiform swelling of the

digit, tenderness along the flexor sheath, and exquisite pain with passive

extension of the digit were delineated by Kanavel (37). The severity of purulent

flexor tenosynovitis has been classified in the following manner (38):

Stage 1: serous exudate and congestion of the sheath

Stage 2: murky or cloudy fluid, purulence, and synovial granulation in the

sheath

Stage 3: marked sheath and=or tendon necrosis

Surgical treatment is advocated. Tendon sheath irrigation was described in

1966 by Carter and colleagues (39). Continuous closed tendon sheath irrigation

has been a standard method of surgical drainage of these infections since it was

popularized by Nevaiser (36). By using a palmar incision to allow access to the

sheath at the A1 pulley level and a second incision in the digit distal to the A4

pulley, one can then irrigate the sheath from proximal to distal. A transverse or

short longitudinal incision (not crossing distal to the proximal digital crease) in

the palm is utilized, and a small Brunner or short midlateral incision is used to

allow distal access to the sheath. Irrigation is performed from proximal to distal,

using a small angiocatheter, and continued until the effluent is clear. Maintaining

the indwelling catheter, the hand is placed in a bulky dressing and irrigation is

continued with saline solution at a rate of about 25 cc=h for the next 24–48 hours.

The catheter is then removed, and dressing changes and range of motion exercises

are begun.

Several variations of this method have been advocated, particularly with

attention to the severity of the infection (38,40). In 2000, Lille and colleagues

observed that continuous postoperative irrigation with an indwelling catheter for

treatment of these infections may not be necessary (41).

We use a midline skin incision the length of the digit to decompress the

finger, while exposing and entering the sheath only distal to the A4 pulley. In
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(A)

(B)

Figure 8 Purulent flexor tenosynovitis in a patient who ‘‘got stuck with a splinter’’ 12

days before admission. (A) Lateral view demonstrating the slight flexion posture. (B) Volar

aspect of the digit; note diffuse swelling.
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addition, the physician makes a palmar incision during the procedure to allow

irrigation of the sheath in much the same fashion advocated by Nevaiser. Tendon

sheath exposure other than distal and tendon débridement is prevented unless

necrosis is present. We do not leave a catheter in, but begin daily soaks in saline

solution and active range of motion exercises on the first postoperative day. This

author is convinced that early institution of an aggressive range of motion

program under direct physician or therapist supervision is of paramount impor-

tance to maximize results.

X. FUNGAL INFECTIONS

Fungal infections are often classified as ‘‘atypical hand infections’’ (42). The

importance of a thorough history and physical examination to establish the

diagnosis and allow for appropriate treatment cannot be overemphasized. The

pathogenesis of fungal infections involves an indolent course, which frequently

leads to a delay in diagnosis. Other causes of delay in diagnosis are inadequate

cultures and instructions to the laboratory regarding the suspected pathological

condition and lack of appropriate biopsy specimens. The various organisms need

specific laboratory conditions to ensure the best growth for identification, as

discussed later. The immunocompromised host may be particularly susceptible to

fungal infections (9,43).

Hand infections due to fungus most often involve the skin, the nail and the

areas juxtaposed to the nail (paronychia, eponychium, and hyponechium; see the

discussion of paronychial infections). Diagnosis of fungal infections of the nail

can be made by using wet potassium hydroxide techniques and subsequent

growth on Sabourand’s culture medium. Candida albicans and Trichophyton,

Microsporum, and Epidermophyton spp. are the most common (44).

Tinea (Trichophyton spp.) infections can be treated with local care by using

antifungal creams such as tolfenate or miconazole. If the infection cannot be

controlled with these, systemic agents such as oral griseofulvin or ketocanozole

may be needed.

Sporothirx schenkii is a saprophyte found in soil and plant materials, which

can exist in virtually any climate. It probably produces the only fungal infection

that primarily involves the upper extremity (45). Many plants have sharp thorns;

commonly those who garden without protective gloves impale the hand or fingers

with sharp thorns from bushes and plants, with resulting inoculation (46). It

produces a chronic granulomatous infection beginning with ulcerations and then

continuing with lymphatic spread. The lymph nodes and subcutaneous nodules

form violet-colored ulcerations that may drain fluid. Cultures should be done with

modified Sabaroud’s medium and at temperatures below 37�C (preferably 30�C
since warm temperatures may prevent or delay growth). Treatment can employ
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saturated potassium iodide given orally. However, newer fungal drugs, such as

itracanazole, have become the drugs of choice for lymphocutaneous sporotri-

chosis.

Other fungi such as bastomycosis, coccidiomycosis, histoplasmosis, mucor-

mycosis, aspergellosis, and candidiasis can also be the cause. Some have a

discrete geographical distribution. Histoplasmosis is endemic in the Mississippi

and Ohio River valleys; coccidiomycosis is most often seen in the southwestern

United States, particularly the San Joaquin Valley in California. Although these

infections can cause tenosynovitis, bone involvement is also common (47).

Synovectomy and débridement usually suffice for the surgical treatment;

however, the appropriate pharmacological agents are necessary. For the most

part, amphotericin B is the drug of choice. Immunocompromised patients must be

considered at risk for systemic fungal infections; fungal infections in these

patients may be recalcitrant to routine débridement and drug therapy, and

amputation is sometimes necessary (Fig. 9A,B).

XI. MYCOBACTERIUM TUBERCULOSIS

Mycobacterium tuberculosis affects nearly 10 million people, and approximately

20% of newly diagnosed cases have sites other than the pulmonary system

involved; 2% show involvement of the elbow, wrist, or hand (48,49). Clinically,

the patient may report swelling with only slightly increased warmth (cold abscess)

and only mild pain. Radiographic studies do not show severe bone destruction

usually associated with bacterial septic joints or osteomyelitis; the minimal

periosteal reaction and slight joint space narrowing may be subtle clues to the

diagnosis. Aspiration does not yield conclusive findings, and open biopsy is

recommended. Aerobic, anaerobic, fungal, and mycobacterial cultures are tested

along with a biopsy specimen. Because mycobacterial and fungal cultures take

weeks to show growth, the necessity for biopsy specimens should not be

underemphasized. It is also important to alert the laboratory to the type of

cultures being sent. Mycobacterium tuberculosis grows best on Lowenstein

Jensen medium at 37�C, a warmer temperature than that for other mycobacteria.

Aggressive débridement should be done, but unlike in many other infections,

primary wound closure is acceptable. Appropriate antituberculosis medication is

of paramount importance in eradicating the infection.

XII. OTHER MYCOBACTERIAL INFECTIONS

Occupational, recreational, and environmental history can direct the treating

physician to the diagnosis of atypical mycobacterium or the so-called MOTT
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(A)

(B)

Figure 9 Mucormycosis. This patient has diabetes and the initial site was a foot

infection. The subsequent development of mucormycosis of the upper extremity eventually

led to amputation of the arm. (A) View of hand and distal forearm. (B) Close up of hand

demonstrating induration, skin changes, and drainage.
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infections (mycobacterium other than tuberculosis). Mycobacterium marinum is

associated with exposure to injury in warm water environments, M. terrae in rural

or farm areas, and M. avium in the immunocompromised individual (50,51).

Culture of these organisms is at cooler temperatures than are used for M.

tuberculosis, and the laboratory should be notified of one’s presumptive diagnosis

so the Lowenstein Jensen medium can be cultured at 30�–32�C.

XIII. VIRAL INFECTIONS

Superficial viral infections of the hand are usually herpetic in origin. These cause

vesicular lesions (having clear fluid or turbid fluid, not purulent material). Patients

may have lympadenopathy, lympangitis, and fevers. Oral lesions in the infant or

child may provide helpful clues to the diagnosis. The erythema and pain may be

less severe than in bacterial infections (52). There is an increased risk of these

infections to medical and health care personnel. Cross-contamination from patient

to staff and vice versa is well recognized, and there is increased risk of this

infection in the immunocompromised host (29,52–56).

Observation is the treatment of choice; surgical manipulation can lead to

secondary bacterial infection. Resolution of the disease normally takes approxi-

mately 2 weeks. Unless the infection is in the immunocompromised host or is

extremely extensive, oral antiviral agents are not used; in severe cases, intra-

venous acyclovir has been administered.

XIV. BITE WOUNDS

Bite wounds are usually discussed as ‘‘animal bite wounds’’ and ‘‘human bite

wounds.’’ These occur frequently and represent a substantial portion of all visits

to emergency rooms (56–58). It is interesting that the nature of the bite wound has

an effect on the possibility of infection. Dog bites become infected at a

substantially lower rate than domestic cat bites (15–20% versus 50%) (57).

This may be related to the difference in wounds that occur with the different

animals. Dog bites are secondary to tearing by blunt teeth, with exertion of

significant force (up to 450 pounds per square inch) (56) (Fig. 10A,B). Domestic

cats have sharp, pointed teeth that essentially cause ‘‘injection’’ injuries with less

soft tissue damage, but direct inoculation of bacteria into a wound that is

essentially a ‘‘closed wound.’’ Although the bacteria for these wounds are a

combination of aerobic and anaerobic organisms (56,57,60), Pasteurella multo-

cida, which also may be seen in some infections due to dog bites, is isolated in

50% of infections due to cat bites (61). This gram-negative, facultative anaerobe
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(A)

(B)

Figure 10 (A) Dog bite showing the extensive wounds and fracture of the ulna attesting

to the severity of soft tissue destruction. (B) Radiograph showing the bone injury.
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is sensitive to penicillin, and this sensitivity emphasizes the need for both aerobic

and anaerobic antibiotic coverage for these infections.

Human bite wounds, whether accidental or the result of altercations, are

frequent and have a great potential for subsequent infection. Mann and coworkers

(62) categorized the injuries as traumatic amputations and clenched fist injuries,

particularly those with skin penetration only. A review of surgical findings of

clenched fist injuries noted that these injuries occurred predominantly at the

metocarpalphalangeal joint level, violated the joint in nearly 70% of cases, and

frequently included bone (17%) or tendon (20%) injury (63). Adequate surgical

débridement is essential. One must consider that with the clenched fist, the

extensor tendon has a more distal excursion. At surgery the fingers are routinely

held in extension, allowing the extensor tendon to ‘‘retract’’ proximal. This

obscures the level of injury from visualization; therefore, the treating physician

should extend the wound to a more proximal level to ensure that there is a more

thorough investigation for tendon injury. The bacteriological features are similar

to those of organisms seen in domestic cat and dog bites; however, 46 different

organisms have been cultured from a normal human mouth (60,64–66). Eikenella

corrodens, a gram-negative, facultative anaerobe, is found frequently in the oral

flora of humans and appropriate cultures should be requested (65,67). This

organism, like Pastuerella multocida, is sensitive to penicillin. If these wounds

are acute, they may be treated on an outpatient basis (64,68). Primary suture of

these wounds is discouraged, and if there are signs of infection, questions

regarding the adequacy of débridement, and concerns about patient compliance,

surgical exploration in a formal operative theater and hospitalization are recom-

mended.

XV. NECROTIZING SOFT TISSUE INFECTIONS

Necrotizing soft tissue infections include various clinical, microbiological, and

pathological syndromes. These infections have recently been prominent in the lay

press because of their significant morbidity and mortality rates. Some confusion

exists because these infections have been given a variety of names, which can

lead to difficulties regarding the specifics of the infection and its treatment. The

initial description of this disease is attributed to Jones (69), who, as a surgeon

during the Civil War, coined the phrase ‘‘hospital gangrene’’ when he reported it

to the United States Sanitary Commission in 1871. Necrotizing ersypiles (70),

hemolytic streptococcal gangrene (71), Meleney’s gangrene (or postoperative

bacterial synergistic gangrene) (72), idiopathic scrotal gangrene (Fournier’s

gangrene) (73), monomicrobial necrotizing cellulites (74), gram-negative syner-

gistic necrotizing cellulitis (75), and necrotizing fasciitis (76) have all been

descriptions used to identify this disease. Necrotizing fasciitis is not the same as
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clostridial myonecrosis or ‘‘gas gangrene,’’ which causes muscle necrosis.

Generally, there is a history of trauma, yet there are reports of necrotizing

infections that occurred without a history of trauma (77,78).

Risk factors include diabetes mellitus, intravenous drug abuse, age greater

than 50 years, hypertension, and either malnutrition or obesity. Lille and

associates reported that 32% of their patients were abusers of intravenous

drugs and 62% of the patients in their series had these and other premorbid

conditions (79). Francis and associates found that presence of three or more risk

factors is predictive of a mortality rate of greater than 50% (80). Holtom and

colleagues noted that age above 40 years and positive blood culture results have a

statistically significant relationship with mortality rate (P. Holtom and associates,

unpublished data). The overall reported mortality rate of necrotizing soft tissue

infections is high, ranging from 6% (81) to as great as 76% (82). Norby-Teglund

and coworkers (83) found evidence that patients who have high propensity for

production of higher amounts of inflammatory cytokines in response to strepto-

coccal superantigens have significantly more severe systemic manifestations than

those who produce lower levels of these cytokines. This finding emphasizes the

need for a thorough understanding of these infections.

A patient may initially have a localized abscess that is tender, has erythema,

and is notable for the absence of lymphangitis and lymphedema. Bluish or blue-

gray patches, which are considered pathognomonic (84,85), are not seen until at

least 2 to 3 days after the infection begins. An important finding is edema

extending beyond the areas of erythema (72,85). The edema can be quite

impressive in size, and soon discoloration and bullae may form. The bullae

though initially painful become anesthetic within a short time. This anesthesia is

an important aspect of necrotizing fasciitis, as noted by Wilson (75) and

Janevicus (84). The anesthesia of the bullae and skin is secondary to the

cutaneous nerve destruction by the infection, and this sign differentiates it from

other entities such as clostridial myonecrosis (discussed later). Very early in the

presentation, the patient may not have high elevations of temperature and white

blood cell count, although Wall and associates found increases in WBC and blood

urea nitrogen (BUN) associated with low serum sodium level common in their

series (86). The aggressive nature of this infection causes changes in these

parameters to occur rapidly and one should not rely solely on these numbers

when considering the gravity of the situation. The ‘‘pus’’ is not typical, in that the

fluid is a watery exudate, which has been called ‘‘dishwater in nature,’’ and the

lack of the gross purulent material found in other infections should alert the

treating physician. The infection spreads rapidly along the fascial planes, and the

extent of skin involvement usually belies the extent of progression of the disease

along the fascial planes (86,87). Wilson (75) emphasized an important diagnostic

sign: the ability to probe below the skin just superficial to the fascia distant to any

traumatic opening in the skin or via a small incision that the physician makes in
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the skin. With cellulitis or erysipelas the probe should not advance, whereas in

necrotizing fasciitis due to the progression of the infection along the fascial plane,

a probe is easily advanced. So important is this sign that Wilson recommends

making a small incision to determine whether undermining exists, so there is no

delay in diagnosis, and, if it is present, immediate surgical treatment should be

rendered (76). Fine-needle aspiration has been recommended (88), but the

recommendations of Stamenkovic (89) may be more accurate. He advises the

use of frozen section biopsies to help confirm the diagnosis of necrotizing

fasciitis. Radiographic studies have been assessed for their value in the diagnosis

of necrotizing infections and differentiation from cellulitis. Routine radiographs

may disclose gas in the soft tissue (90); however; gas is seen in necrotizing

fasciitis less frequently than in gas gangrene and myonecrosis; therefore, routine

radiographs may not be of value. Computed tomography, though perhaps having

some use (91) does not yield substantial benefits in diagnosis; however, magnetic

resonance imaging does seem to have some potential (92,93). Apparently T2

images can precisely show the extent of acute cellulitis and identify extension of

infection along fascial planes. Enthusiasm for these techniques should be

tempered by the need for severely ill patients to lie motionless during the study

and the amount of time necessary to perform the studies (93). These factors may

make magnetic resonance imaging of limited use in most cases. Ultrasonography

has been used as a diagnostic aid in children (94) to assist guided aspiration;

however, its usefulness may also be limited by the rapid progression of the

disease.

An interesting new development in assisting our ability to diagnose

necrotizing fasciitis involves fluorescence in situ hybridization targeted to

ribosomal ribonucleic acid (RNA) (95). This method uses probes of radioactively

labeled oligonucleotides for the detection of ribosomal RNA in bacterial cells.

This test requires only 2 to 3 hours to achieve conclusive results.

Necrotizing fasciitis was originally called hemolytic streptococcal gangrene

because of the presence of this organism in the original group of patients reported

by Meleney (70,71); other authors have noted the presence of various organisms

(75,96–99). Giuliano and colleagues (96) described two distinct groups of

patients. Type I were those with anaerobic, facultative anaerobic. None of these

patients had b-hemolytic group A Streptococcus or Staphylococcus spp.

However, they did have many other organisms, including a variety of non–

group A Streptococcus spp. Type II patients were those who had group A

Streptococcus spp. alone or in combination with Staphylococcus spp. A recent

review of 99 cases of necrotizing fasciitis revealed that in 45% of patients only

one organism was cultured, whereas in 53% more than one organism had grown

(P. Holtom and coworkers, unpublished data).

Early recognition is essential to successful treatment of necrotizing fasciitis.

The common theme in the reviewed literature is that treatment must be aggressive
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surgical débridement (71,72,76,85,100–102). The area must be débrided until

normal fascia is encountered. Frozen section at the time of surgery can be helpful

(90). The wounds should be left open and kept moist. Repeat examination of the

wounds should be done no later than 24 hours, sooner if the clinical condition of

the patient worsens. Although repeat débridements are frequently necessary, it is

the initial débridement that is most important, and the treating physician should

not depend on ‘‘second and third look débridements’’ when treating these patients

and should be satisfied with no less than an aggressive initial débridement of all

infected tissue.

Antibiotics must be given to cover a broad spectrum of anaerobic and

aerobic organisms. Cephalosporins, penicillin, aminoglycocides, and quinolones

may have all been used in combinations and modified when culture results were

available.

Because of the significant infection and extensive surgical débridements of

soft tissue, these patients have substantial nutritional needs. They are similar to

severely burned patients in the need for nutritional supplements. The physician

should consider hyperalimentation for these patients (103). There have been

attempts to classify the type of necrotizing fasciitis in an effort to develop

treatment protocols (82,102–104). Freischlig and coworkers (82) thought that

simplifying these infections into clostridial and nonclostridial types might be

useful and concur that radical débridement is the mainstay of treatment.

There is documented evidence of the possible use of hyperbaric oxygen

therapy as an adjunct in the treatment of necrotizing fasciitis (105–111). It is still

controversial but may have efficacy in cases in which anaerobic organisms are

found or suspected.

Coverage of the wounds usually requires skin grafts. A 5% mafenide

acetate solution has shown promise as an adjunct to skin grafting (112) (Fig.

11A,B,C,D).

XVI. GAS GANGRENE

Gas gangrene is another extremely aggressive infection that has high morbidity

and mortality rates. There are generally two major categories noted when

discussing these infections: those caused by Clostridium species including C.

perfringens, C. histolyticum, C. septicum, C. fallax, and C. sporogenes, and those

considered nonclostridial gangrene. The clostridial organisms are found essen-

tially everywhere, including on humans and animals and in soil. These are gram-

positive rods, which are anaerobic. Adequate culture requires anaerobic medium

supplemented with reducing agents. Nonclostridial gangrene is commonly seen in

diabetic patients but has also been described in patients without a history of

diabetes. In both patients, the organisms are a mixture of aerobic, anerobic, gram-
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(A)

(B)

Figure 11 Necrotizing fasciitis. (A) The initial presentation. (B) Primary débridement.

(C) Utilization of irrigation catheters for postoperative intermittent irrigation of wounds.

(D) Skin grafting for coverage.
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(C)

(D)

Hand Infections 233



positive, and gram-negative species. The diversity of organisms that may be

present makes aerobic, anerobic, and fungal cultures necessary. We also recom-

mend evaluation of pathological specimens, since fungal and atypical mycobac-

terial cultures take weeks. The in vivo environment that supports growth of

anaerobic organisms can be trauma that causes soft tissue injury that has crushed,

devitalized, and contaminated tissue. Diabetics have impaired leukocyte function,

neuropathy, and peripheral vascular disease, which create an environment that can

contribute to the development of nonclostridial gangrene. Closure of any

contaminated wound can create this condition as well. Predisposition to these

infections is noted in patients with immunocompromise, vascular injuries or

disease, diabetes, and malignancy. The clinical history generally begins a few

days after the original tissue violation. Rapid and sometimes massive edema may

occur, as well as discoloration of the overlying skin, along with hemorhagic

bullae and blebs. The purulence has a foul odor, and the organisms can be seen on

Gram stain. Clinically, the patient may have a low-grade fever, but tachycardia

and severe pain are noted. The muscles become necrotic and renal failure

secondary to acute tubular necrosis can occur. Radiographs may show gas in

the soft tissues, but lack of such findings should not dissuade the physician from

the diagnosis as rapid progression to septic shock and death can occur if the

diagnosis is delayed.

Prevention should be the cornerstone of treatment, and appropriate débri-

dement and incision and drainage of wounds with a potential for development of

this disease should be recognized. Closure of any wound that might suggest the

possibility for development of a gangrenous infection is not advised. Penicillin is

still the drug of choice in treating such infections, but combinations with

cephalosporins and aminoglycosides should be used since the contaminated

wound and necrotic muscle allow mixed flora to be present. The surgical

débridement must be aggressive, and ‘‘blind’’ probing of wounds is not accep-

table. Amputation is sometimes necessary, and we recommend that all of the

wounds initially be left open. Hyperbaric oxygen as an adjunct to surgical

débridement has shown promise (109,110). Certainly adequate supportive medi-

cal care must be accomplished, and the aid of infectious disease specialists and

medical intensive care specialists is highly recommended for treating these

patients.

XVII. SUMMARY

Adequate care of hand infections requires clinical acumen with a thorough

knowledge of the anatomical characteristics of the hand. Ruling out pathological

conditions other than infection is necessary to begin the proper algorithm for

treatment. Identification of underlying conditions that may affect care, obtaining
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of appropriate cultures (before initiation of antibiotics), and diagnostic tests,

including radiographic modalities, help confirm the diagnosis. Afterward, if the

patient’s clinical condition allows and reasonable empirical antibiotic therapy

based on the type of wound, mechanism of injury, and patient status is initiated,

surgical management, when necessary, can be pursued. Knowledge of the

anatomical features of the hand is obviously essential to adequately draining

and débridement of the infected area, while avoiding ‘‘surgical misadventures.’’

However, an understanding of the anatomical characteristics of the hand and

proper placement and utilization of appropriate surgical incisions allow rehabi-

litation to progress more quickly. Postsurgical therapy is of immense importance

to complete the treatment program. Hand infections are common and often

difficult problems with significant consequences. However, if they are treated

with alacrity, physicians and patients can obtain satisfying results when dealing

with these problems.
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Total Hip Infections
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I. INTRODUCTION

The low-friction total hip arthroplasty (THA) has revolutionized care of the

arthritic hip. The extensive need for this procedure coupled with a high degree of

patient satisfaction and excellent longevity made THA one of the most significant

contributions in orthopedic surgery in the 20th century. Despite the evolution of

knowledge and technology gained over the last 40 years, infection of the

periprosthetic environment continues to be a formidable complication of this

procedure. Considerable strides have been achieved as the incidence of this

complication has declined significantly from the 9% reported in Sir John

Charnley’s initial experience (1) to the current incidence of 1%–2% (2–4). A

variety of prophylactic techniques have been investigated in an effort to decrease

this incidence even further. If a periprosthetic infection is suspected, many

investigative modalities that aid in confirming the diagnosis are available. With

the knowledge of the established indications for the various treatment methods

available, the treating surgeon can select the most appropriate course of action

and optimize the patient’s chance for successful eradication of the infection.

II. EPIDEMIOLOGICAL CHARACTERISTICS

Overall, the deep infection rate after THA currently averages between 1% and 2%

(2–4). According to the National Center for Health Statistics, 119,000 primary

THA procedures were performed in the United States in 1990 (5). At that time,

the cost of treatment for each THA infection approached $50,000 to $60,000 if
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the patient had what was, and still is, considered the gold standard of treatment—

two-stage reimplantation (6). The overall annual cost for the management of

infected THAs in the United States approached $143 million in 1990. It is

anticipated that by the year 2030, approximately 248,000 THA procedures will be

performed annually (Fig. 1) (5). If the infection rate remains constant, in 2030

nearly 5500 THA infections will occur. Using the 1989 cost figure of $60,000 per

THA infection, which is already outdated and, therefore, conservative, the total

economic impact in the United States will increase 130% to $330 million in the

year 2030.

III. PATHOGENESIS

Infections after THA are the result of pathogenic seeding of the periprosthetic

environment by one of two routes: direct or hematogenous. In one series of

periprosthetic infections, direct seeding accounted for 51%, hematogenous

seeding accounted for 34%, and 14% were of unknown origin (7).

Direct seeding of the prosthetic hip occurs either at the time of surgery or in

the early postoperative period. At the time of surgery before the wound has been

Figure 1 Annual total hip replacements: U.S. population projections through 2030.

(From Ref. 5.)
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closed, the prosthetic hip is especially vulnerable to pathogenic seeding, as it lies

open and exposed to its immediate environment. Bacteria that gain access to the

wound can originate from the patient, the operating room environment, or

operating room personnel (7,8).

Direct seeding of the joint also can occur in the early postoperative period.

In these instances, bacteria gain access to the periprosthetic environment from a

contiguous infectious process such as a superficial wound infection or suture

abscess. Bacteria may also directly seed the prosthetic joint in the setting of

delayed wound healing and its accompanying prolonged wound drainage (9).

Hematogenous seeding refers to the inoculation of the periprosthetic

environment by a bacteremic event originating at a remote site. The bacteremia

could be secondary to an infection or an invasive procedure of the oral,

gastrointestinal, genitourinary, or pulmonary tract (7). Seeding of the prosthetic

hip by the hematogenous route can occur at any time during the life of the

prosthesis.

Staphylococcal bacteria have been the most commonly isolated pathogens

in studies of infected total joint arthroplasty (2,10–13). Streptococci, enterococci,

and gram-positive anaerobes are also frequent pathogens; gram-negative bacteria

are less common (Table 1). Fungi and mycobacteria have also been encountered

in THA infections, but reports are rare (4,7,14).

It has been suggested that the large amount of foreign body used in THA

procedures increases the risk of infection of the periprosthetic environment. Elek

and Conen demonstrated that fewer bacteria are required to establish an infection

in the presence of a foreign body (15). Furthermore, the specific biomaterials

Table 1 Bacteriological Characteristics of Total Hip Infections

Frequency of isolates (%)

Pathogen Garvin11 Fitzgerald2 Urban13 Tsukayama12

Gram-positive aerobes 76 64 82 74

Staphylococcus epidermidis 37 29 42 38

Staphylococcus aureus 19 19 17 22

Streptococcus viridans 10 10 8 10

Enterococcus spp. 4 5 — 4

Diphtheroids 4 — — —

Micrococcus — 1 — —

Unknown 2 — — —

Gram-negative aerobes 11 18 9 14

Anaerobes 12 14 9 8

Fungus=miscellaneous — 5 — 3
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employed in THA may also increase the risk of infection by preferentially

attracting certain bacterial species. Gristina and associates (16,17), in in vitro and

retrieval studies of infected biomaterials, reported the predominance of Staphy-

lococcus epidermidis in wounds containing polymers. They also found Staphy-

lococcus aureus to be the principal isolate in wounds containing metals. From

these findings, Gristina and coworkers proposed the concept of ‘‘the race for the

surface,’’ which describes the competition between host tissue and bacteria for the

colonization of the surface of the implanted foreign materials (16). According to

this concept, the surface of prosthetic components is immediately coated with a

‘‘conditioning film’’ at implantation into a biological environment. This film is

derived from host tissue and consists of proteins, macromolecules, and cellular

elements. It is this ‘‘film’’ that can be colonized by either host tissue cells or

bacteria. Therefore, a ‘‘race’’ between host tissue cells and bacteria for the

dominance of this conditioning film occurs. Should the host tissue cells colonize

the film before bacterial colonization, subsequent bacterial colonizers encounter a

living, integrated cell surface with intact host defense mechanisms that is resistant

to bacterial colonization (Fig. 2). If bacteria are present in sufficient numbers and

can successfully compete for the colonization of the conditioning film, it is

unlikely that host tissue cells will be able to displace them, and an infection

ensues.

Many bacteria also have the capacity to produce an exopolysaccharide

barrier (bioflim or glycocalyx) shortly after colonizing the conditioning film

Figure 2 The host tissue cells have colonized the biomaterial and established a surface

resistant to bacteria. (Modified from Ref. 16.)
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(within 3 to 4 hours). It has been suggested that this glycocalyx acts as an ion

exchange resin and produces a microenvironment below its surface that produces

an optimal bacterial climate by influencing pH, ion, nutrient, and toxin concen-

trations (16,18–22). The glycocalyx serves to enhance bacterial nutrition and

surface adhesion, confer resistance to host defense mechanisms, and impede the

effective penetration of antibiotics (Fig. 3) (16).

Although the ‘‘race for the surface’’ can account for the THA infections that

occur at or near the time of surgery, this concept does not explain infections that

occur years after the procedure. Gristina and colleagues (16) proposed that in

long-standing prosthetic environments, two time-dependent phenomena of total

joint replacement, wear and corrosion, promote microenvironmental conditions

conducive to the establishment of infection. Wear of the methylmethacrylate

releases esters that may be metabolized by Staphylococcus epidermidis. Also,

ions released from the corrosion of metal may stabilize the glycocalyx, leading to

increased adhesion and antagonist resistance (Fig. 4).

Another time-dependent phenomenon that may have a role in the establish-

ment of late THA infections is the immunocompetent fibroinflammatory zone

that has been shown to develop at the biomaterial-host interface over time (16).

This zone is believed to be the result of the host’s attempt to eradicate the

implanted biomaterials that it rccognizes as foreign material. Since the implanted

components are not eradicated, a chronic inflammatory response that results in

Figure 3 When bacteria are able to colonize the surface of the biomaterial, they produce

a biofilm, the glycocalyx, that provides protection against host defense mechanisms and

antibiotics. (Modified from Ref. 16.)
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damage to the adjacent host tissues and a decreased ability of these tissues to fight

infection ensues. Particulate debris generated by wear and corrosion accelerate

this chronic inflammatory reaction, leading to an expansion of the immunocom-

petent fibroinflammatory zone and an increased vulnerability to infection should

seeding of the periprosthetic environment occur.

IV. SYMPTOMS AND SIGNS

The clinical picture of an infected THA is highly variable as it may be either a

fulminating process with obvious local and systemic features of sepsis or an

indolent process with few signs and symptoms. The appearance is dependent, to a

substantial degree, on the timing of the infection. Infections in the early

postoperative period are typically fulminant processes with a combination of

local signs such as deep throbbing pain, wound drainage, erythema, and swelling

about the hip with the accompanying systemic complaints of fever, chills, and

generalized malaise (23–26). These findings are in sharp contrast to the typical

postoperative course of an uncomplicated THA and are easily ascribed to a deep

infection. Early postoperative infections are the result of seeding of the peripros-

thetic environment at the time of surgery or shortly after surgery from a

contiguous superficial wound infection or prolonged wound drainage.

Figure 4 Conditions promoting the establishment of infections. Ions released from

metals stabilize the glycocalyx, leading to increased adhesion and antagonist resistance.

Esters released from polymethylmethacrylate may be metabolized by Staphylococcus

epidermidis. (Modified from Ref. 16.)
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But not all infections that arise from seeding of the prosthetic joint in the

early postoperative period are obvious fulminant infections. Most late chronic

infections, infections that appear within 2 years of the index arthroplasty, are also

believed to be the result of seeding at the time of surgery and are more subtle,

often having mild pain as the only symptom (24,25). Therefore, the clinical

picture of an indolent infection is commonly indistinguishable from the typical

early postoperative course for an uncomplicated THA and is the chief reason for

the delay in diagnosis of these infections. Although the factors that influence the

way perioperative seeding of the prosthetic joint manifests itself are not known,

some have suggested that the immunocompetence of the patient and virulence of

the offending organism likely have a role (27).

Acute hematogenous infections occur in THAs at least 2 years after the

index arthroplasty (12). These infections result from seeding of the prosthetic hip

from a remote site. Both fulminant and indolent infections can occur in this

period, and manifestation of the infection is dependent upon the immunocom-

petence of the patient and virulence of the offending organism.

Regardless of the presentation, the most common symptom is pain in the

groin or thigh, which may vary from mild to severe. As previously mentioned,

mild pain in the early postoperative period is difficult to distinguish from the

convalescence typically expected of a THA. Pain that does not improve after a

reasonable time may be a harbinger of infection. Without a plausible explanation

available, a painful arthroplasty should be considered infected until proved

otherwise. New-onset pain after several months or years of satisfactory function

in the absence of other clinical findings is a diagnostic challenge since

differentiating infection from mechanical loosening in this setting can be

extremely difficult. Furthermore, these two diagnoses are not mutually exclusive

because infection can cause mechanical loosening. In both septic and aseptic

failure, the onset of pain can vary from insidious to sudden and severe. Increased

pain with weight bearing and activity may be present in both. However, the pain

of septic failure is often more persistent and may occur at rest or during activity.

Often, pain caused by an infected prosthesis improves with a regimen of

antibiotics (26).

V. DIAGNOSIS

The diagnosis of a periprosthetic hip infection can be relatively straightforward if

the local and systemic signs suggestive of infection are present. Unfortunately,

many THA infections are not obvious and often do not exhibit symptoms and

signs of sepsis. Frequently, mild to moderate discomfort in the hip or thigh is the

only symptom voiced by patients with an indolent infection. In these cases,

radiographic and laboratory investigation can be helpful. Although many diag-
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nostic modalities are available to aid in confirming the presence or absence of

infection, none has demonstrated 100% reliability. Therefore, the treating

physician should enlist the assistance of multiple diagnostic modalities to

increase the likelihood of arriving at the correct diagnosis.

The diagnostic studies useful in detecting infection in the periprosthetic hip

environment can be divided into two groups based on when they should be used.

In the preoperative period, plain radiographs, ultrasonography, radionucleotide

imaging, and serum laboratory tests provide useful information for the diagnosis

of infection. Hip aspiration may also be done before surgery, and, in contrast to

the other preoperative techniques, which provide indirect evidence of infection,

aspiration seeks to confirm the presence of infection by identifying the causative

organisms. Several intraroperative diagnostic studies, including Gram stain,

cultures, frozen sections, and polymerase chain reaction, are also available.

A. Preoperative Diagnostic Studies

1. Plain radiographs

Although plain radiographs are rarely diagnostic for a THA infection, they should

be obtained in each suspected case to rule out other causes of pain (fracture,

catastrophic component failure, etc.). Most radiographic changes consistent with

a periprosthetic infection can also be found in aseptic loosening. Although

loosening may coincide with infection, especially chronic infection, it is not a

necessary component. Many early postoperative and acute hematogenous infec-

tions have been shown to have solidly fixed implants (28).

One finding that may be helpful in distinguishing septic from aseptic

loosening is periosteal new bone formation. This radiographic finding has been

associated with the presence of deep sepsis in THA and is considered by some to

be pathognomonic for this condition (2). Rapidly progressive radiolucent lines

and osteolysis as well as early loosening can be suggestive of infection, especially

if there is no evidence of severe polyethylene wear, the most common culprit of

these phenomena.

2. Ultrasonography

Limited studies have investigated the role of ultrasonography in diagnosing THA

infections. Findings that have correlated with an infected hip prosthesis include

increased anterior pseudocapsule-to-bone distance, increased intra-articular effu-

sion, and capsular thickening (29,30). The role of this modality, if any, has yet to

be defined, and it is not currently recommended for the routine evaluation of an

infected THA. Since it incurs no risk to the patient, this test may be used to

collect information in difficult to diagnose cases. However, this technique is
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highly operator-dependent and is not likely to be as useful in centers that do not

commonly perform this test.

3. Radionucleotide imaging

Scintigraphy continues to be investigated as a modality in the diagnosis of THA

infections. The various types of scintigraphy that have been studied for this

purpose include technetium-99m bone scans, gallium-67 citrate scans, indium-

111-labeled white blood cell scans, indium-111-labeled nonspecific polyclonal

immunoglobulin G, and technetium-labeled monoclonal antigranulocytic anti-

body.

Technetium-99m bone scans and gallium-citrate scans have shown high

sensitivity in detecting THA infection. Unfortunately, when used alone, each of

these tests is nonspecific since both show high uptake in regions of increased

bone turnover or inflammation of any cause. False-positive results are associated

with aseptic loosening, fractures, neoplastic processes, heterotopic ossification,

and inflammatory disorders (28). Also, scan results may remain positive for as

long as 1 year after insertion of an uncomplicated THA and more than 2 years

after an insertion of uncemented prosthesis (31,32). False-negative findings can

occur in infected THAs with subperiosteal pus, soft-tissue swelling, vasospasm,

and an inadequate blood supply (28,32). Indium-111-labeled white blood cell

scans, on the other hand, have demonstrated low sensitivity (0.38–0.83) but high

specificity (0.94–1.00) in diagnosing periprosthetic infections (33,34).

In an effort to improve the accuracy of the scintigraphic techniques

mentioned, combinations of these techniques have been investigated. The

sequential use of technetium and gallium scans, although more accurate than

independent use of each scan, still lacks sufficient accuracy in diagnosing THA

infections (34,35). In contrast, the early experience with the combination of

technetium and indium scans yielded sensitivities and specificities as high as 0.89

to 1.00 and 0.95 to 0.98, respectively (36,37). Studies in 2000 demonstrated less

accuracy of the technetium-indium combination, with sensitivities and specifi-

cities ranging from 0.64 to 0.77 and 0.78 to 0.86, respectively (38,39).

Newer nuclear imaging techniques such as indium-labeled immunoglobulin

G (111In-IgG) may offer higher degrees of accuracy. Few published reports

analyze the use of this new modality exclusively in the evaluation of potentially

infected THAs, but preliminary data indicate this may be preferable to the

combination study method. The advantage of 111In-IgG over combined techne-

tium and indium scans include need to perform only one test, lower amount of

time required to administer the test, lack of need for a phlebotomy before the scan

is made, and avoidance of the reinjection of white blood cells. Oyen and

associates (40), in a subgroup of patients with failed arthroplasties, reported a

sensitivity and specificity of 0.92 (11 of 12) and 0.88 (22 of 25), respectively. In a
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study of 87 THA infections, Nijhof and associates (41) reported a sensitivity and

specificity of 1.00 and 0.82, respectively. Unfortunately, this scintigraphic

modality has the same disadvantage as the other radiopharmaceuticals—detection

of inflammation irrespective of cause. As a result, a specificity of 1.00 is difficult

to achieve with this technique.

Besides the variable sensitivity and specificity of the scintigraphic tests,

other drawbacks include the cost and time required to perform the test. Therefore,

many authors reserve the use of these modalities for equivocal cases in which the

aforementioned investigative studies have failed to establish the presence or

absence of an infection (28). Of the available radionucleotide studies, it is clear

that the combination of 99mTc and 111In- white blood cell (WBC) scans has

yielded the most consistent results to date. Further investigation is needed to

identify properly the role of 111In-IgG scans in diagnosing THA infection. Until

they are proved to be superior to sequential scintigraphy, the combination of

technetium-indium scans is currently recommended.

4. Serum laboratory tests

Serum laboratory tests that may aid in the diagnosis of a THA infection include a

complete blood count with a differential cell count (CBC with differential), an

erythrocyte sedimentation rate (ESR), and a C-reactive protein level (CRP).

In fulminate infections, the CBC with differential may demonstrate the

presence of leukocytosis with an increased percentage of immature white blood

cells indicating a systemic response to the infection. Unfortunately, this phenom-

enon rarely occurs in the indolent presentations so the test finding is rarely

abnormal in most THA infections (42–44). Using the threshold of 11:0� 109

white blood cells per liter as an indication of infection in 202 THA revisions,

Spangehl and coworkers reported the sensitivity and specificity of this test to be

0.20 and 0.96, respectively (45).

The ESR is an indirect indicator of a systemic response to any inflamma-

tory process. Several studies have shown an association between deep infection

and ESR values of greater than 30 to 35 millimeters per hour (46–48).

Unfortunately, the ability of the ESR to be influenced by any inflammatory

condition decreases its specificity and limits its predictive value when used

independently. For example, in uncomplicated THA the ESR may not return to

baseline levels until at least 6 months to 1 year after surgery, making this an

especially unreliable test in the early postoperative period (46). When the test is

used alone, the reported sensitivity and specificity of ESR are 0.82 and 0.86,

respectively (45).

C-reactive protein is an acute-phase reactant found in trace amounts in the

serum under normal conditions. Similarly to the ESR, CRP is a nonspecific

indicator for inflammation, infections, and neoplastic processes. In contrast to the
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ESR, CRP levels return to baseline shortly after surgery as normal values have

been demonstrated at an average of 3 weeks post surgery (range 1 to 8 weeks)

(49–51). Elevated CRP levels of greater than 10 milligrams per liter have been

associated with periprosthetic infections. Although the reported sensitivity (0.96)

and specificity (0.92) of CRP alone are superior to those reported for ESR alone,

its specificity has been shown to increase to 1.00 when it is used concurrently

with the ESR (45).

Therefore, it is currently recommended that both the ESR and CRP be used

in the initial workup in all THA failures, especially those suspected of being

septic. Despite its low sensitivity, we continue to order the CBC with differential

in all cases as it may add diagnostic information in a few cases.

5. Hip aspiration

Hip aspiration has been previously used as a routine screening tool to rule out

infection in all THA failures (52–54). Current recommendations discourage this

practice as its sensitivity and specificity have varied widely when used in this

capacity, ranging from 0.50 to 0.93 and 0.82 to 0.97, respectively (28,55,56). Hip

aspiration performed under fluoroscopy is now recommended as a second-line

diagnostic tool in cases that suggest infection with equivocal ESR and CRP

values. Spangehl and coworkers have shown that the addition of a positive

preoperative hip aspiration result to elevated ESR and CRP values increases the

probability of infection from 0.83 to 0.89 (45). Furthermore, in their review of

202 THA revisions, Spangehl and coworkers (45) found the probability of

infection to be zero when the hip aspiration, ESR, and CRP all revealed negative

findings (95% confidence interval, 0.00 to 0.04).

Various methods have been recommended to increase the accuracy of a

single hip aspiration, including (1) discontinuing any concurrent antibiotic use 2

to 3 weeks before aspiration; (2) limiting the use of local anesthetics during the

procedure to just the superficial tissues, as these are bacterostatic; (3) confirming

intra-articular position with an arthrogram; (4) obtaining multiple samples during

the same aspiration; and (5) obtaining a fine-needle biopsy of synovial tissue

during aspiration (44).

B. Intraoperative Diagnostic Studies

1. Gram stain

Several studies have demonstrated the unreliability of a Gram stain of the

periprosthetic environment in diagnosing THA infection. In Spangehl’s investiga-

tion of 202 THAs undergoing revision, the Gram stain showed a sensitivity of

0.19 and specificity of 0.98 (45). Other authors have fared no better, with reported

sensitivities ranging from 0 to 0.23 (28,57). This lack of sensitivity has led many
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authors to abandon their reliance on the study in favor of use of other diagnostic

modalities. The Gram stain is not to be totally abandoned since positive results

could provide early information regarding the offending organism and guide

initial antibiotic therapy.

2. Cultures

Intraoperative culture remains the standard to which all other diagnostic modal-

ities are compared. However, this test is not foolproof since significant false-

positive (2.4% to 31.5%) culture findings have been reported (45). False-negative

results may also occur when patients are exposed to antibiotics before the

collection of the culture sample. To prevent inaccurate results, precise technique

must be used (28): (1) antibiotics should be withheld until specimens have been

obtained; (2) instruments used to obtain the cultures should be prevented from

touching the skin of the patient; (3) samples should be obtained from the

environment close to the prosthesis, and if possible, from inflamed tissue; (4) a

minimum of three specimens should be sent fresh to the laboratory for immediate

processing; and (5) the specimens should be obtained immediately after the

pseudocapsule is opened from an area not previously cauterized, before any

irrigation has been used. Using these techniques, Spangehl and coworkers (45)

reported a sensitivity and specificity of 0.94 and 0.97, respectively.

Debate exists over what constitutes an infection with respect to the number

of culture and=or broth subcultures that demonstrates bacterial growth. It has

been contended that late growth of bacteria or growth in the broth subcultures

alone likely represents a contaminant. Although in most cases this may be true,

the final culture results should be interpreted in the context of all preoperative and

intraoperative findings as late growth and growth in liquid medium alone have

been found in some cases of THA infection (28).

3. Frozen sections

Intraoperative frozen sections of the periprosthetic environment are used to

diagnose THA infections by determining the quantity of inflammatory cells

present. This indirect measurement of infection provides additional information

that may be especially useful in equivocal cases when the results discussed are

inconclusive. Ever since the report by Mirra and associates (58) in 1976, a finding

of more than five polymorphonuclear leukocytes per high-power field

(5 PMN=hpf) has been thought to be highly suggestive of infection. Using this

threshold, most studies have reported sensitivities and specificities of greater than

0.80 and 0.90, respectively (44). When 10 PMN=hpf was used as the index for

infection, an increase in specificity occurred (from 0.96 to 0.99) without

decreasing sensitivity (0.84) (59). Additional methods that can be used to
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ensure more accurate results with the use of this test include taking the samples

from areas that appear most inflamed and designating an experienced muscu-

loskeletal pathologist to analyze the samples.

4. Polymerase chain reaction

Polymerase chain reaction (PCR) is a technique that shows promise in diagnosing

infected THAs. The PCR technique involves amplifying the nucleic acid

extracted from periprosthetic synovial fluid and screening it for the presence of

bacterial deoxyribonucleic acid (DNA). This technique has the ability to diagnose

periprosthetic infections when only small quantities of bacteria are involved.

Indeed, improved sensitivities compared to those of traditional bacteriological

studies have been reported with this technique (60,61).

It is this ability to detect minute amounts of nucleic acid that may result in

high false-positive rates. Any source of bacterial DNA is a potential source of

contamination and may result in a positive PCR result even though the

periprosthetic environment is sterile and contains no viable bacteria. Although

bacterial species–specific PCR primers have been designed to minimize the false-

positive rate, the role of this technique has yet to be perfected.

VI. CLASSIFICATION

A modification of Coventry’s original description of periprosthetic infections has

been the most widely used classification system to date (2,11,14,62). Peripros-

thetic infections are divided into three stages based on when the symptoms began

after surgery and the route of infection. Stage I infections (acute postoperative)

are acute fulminating infections that appear within 3 months after the arthroplasty.

These infections are the result of direct seeding of the prosthetic joint during the

procedure, early postoperative seeding from an infected wound or hematoma, or

hematogenous seeding from a remote site early in the postoperative course.

Systemic symptoms are common and the patient usually has an inordinate

amount of pain. Persistent wound drainage is often present in these infections.

Stage II infections (delayed, deep) are more indolent and appear from 3 months to

2 years after surgery. These patients often have never had a pain-free interval after

surgery and can pose a diagnostic dilemma, as mild pain in the absence of fever,

chills, and wound drainage can also be suggestive of mechanical loosening. Stage

III infections (hematogenous) manifest increasing pain and decreased function in

a previously well-functioning hip. A history of a recent, remote infection or

procedure involving the skin, oral cavity, urinary tract, respiratory tract, or

gastrointestinal tract may precede stage III infections by days to weeks.
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A newer classification introduced by Tsukayama annd colleagues (12) in

1996 was designed to guide treatment on the basis of the authors’ experience with

106 THA infections. It is an expansion and slight modification of the Coventry

system and consists of four categories: (1) Positive intraoperative culture findings:

When at least two intraoperative cultures obtained at the time of revision yield

positive results, often these results are known only after the revision is performed,

as these cases typically had no preoperative signs or symptoms suggesting

infection. Recommended treatment consists of 6 weeks of intravenous antibiotics

and may not require further operative treatment. (2) Early postoperative infection:

Symptoms develop within 1 month after implantation. Treatment of these

infections may consist of débridement, exchange of the polyethylene liner,

retention of the components, and intravenous antibiotics for at least 4 weeks.

(3) Late chronic infection: Symptoms develop insidiously 1 month or more after

implantation. Recommended treatment is a two-stage reimplantation. (4) Acute

hematogenous infection: Symptoms develop acutely in a previously well-func-

tioning hip. If the prosthesis is well fixed, and the duration of symptoms is short,

the infection is treated in the same manner as early postoperative infection. If the

prosthesis is loose, it should be treated as a late chronic infection.

Currently, the Tsukayama modification is the preferred classification

system at our institution because it is clear and descriptive and serves as an

effective guide to treatment.

VII. PROPHYLAXIS

Since the introduction of the low-friction arthroplasty by Sir John Charnley in the

1960s, the reported incidence of infection after THA has steadily decreased (28).

Chief among the reasons for this decline are an increased awareness of the

problem of deep infection after this surgery and a better understanding of the

various factors that predispose to this dreaded complication. Hanssen and

coworkers (27) describe an interdependent relationship among the triad of

bacteria, host factors, and the wound environment that influences whether or

not infection will occur. Using the model proposed by Hanssen and associates,

prevention of THA infection is realized by minimizing the number of bacteria in

the wound, augmenting the host’s ability to fight infection, and optimizing the

periprosthetic wound environment. Prophylactic measures that achieve these

goals can be applied in both the perioperative and postoperative periods.

Perioperative prophylactic measures act either to diminish the degree of bacterial

contamination that inevitably occurs at the time of surgery or to lessen the

consequences of this contamination. Prophylaxis in the postoperative period aims

to decrease the consequences of the transient bacteremias associated with

infections or manipulations of remote sites.
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A. Perioperative Prophylaxis

The prophylactic modalities available to the treating physician in the periopera-

tive period include antibiotic prophylaxis, clean air technology, optimization of

the surgical patient, and meticulous surgical technique.

1. Antibiotic prophylaxis

The administration of systemic antibiotics immediately before surgery is recog-

nized as the most effective prophylactic measure in the prevention of THA

infections (27). In a prospective randomized study of 6781 hip arthroplasties and

1274 knee arthroplasties, Lidwell and colleagues (63) reported a reduction in the

postoperative infection rate with the use of prophylactic cefazolin of 3.4% (39 of

1161) to 0.8% (24 of 2968). In the same study, the use of clean air technology

alone was also effective, but not to the same degree as antibiotic prophylaxis, as

rates decreased from 3.4% to 1.2%. Likewise, Marotte and coworkers (64)

reported a reduction in infection of 2.8% to 0.5% with the use of several different

antibiotic regimens. In that study, the use of laminar vertical flow in the absence

of antibiotics did not result in a significant reduction in THA infections compared

to use of a conventionally ventilated room without prophylactic antibiotics. Hill

and associates (65), in a prospective placebo-controlled study, described a similar

reduction in infection rates from 3.3% to 0.9% with the use of prophylactic

cefazolin.

Preoperative systemic antibiotics have been shown to be most effective if

given shortly before the skin incision. In a large prospective study of 2847

patients who had a variety of clean and clean-contaminated procedures, lower

rates of wound infections were demonstrated with prophylactic antibiotics given

within 2 hours of the skin incision compared to more than 2 hours before the skin

incision (66). Administration of an antibiotic 1 day or more preoperatively

provides no additional protection and may alter the patient’s natural skin flora

(14). Currently, it is recommended that systemic antimicrobial prophylaxis be

initiated 15–60 minutes before the skin incision to allow adequate tissue levels to

be obtained (8,27,67–69). Arthroplasties that require a tourniquet (e.g., total knee

arthroplasty) should receive antibiotic prophylaxis at least 5–10 minutes before

inflation.

Although it is agreed by most authors that this prophylactic measure is the

most effective at preventing THA infections, controversy continues to exist

regarding the optimal antibiotic and duration of prophylaxis. Theoretically, the

optimal antibiotic should demonstrate activity against organisms common to

periprosthetic infections (Staphylococcus and Streptococcus spp.), have adequate

bone and soft-tissue penetration, have low toxicity, be inexpensive, and have a

long half-life to provide coverage throughout the entire surgery. Currently, the

first-generation cephalosporin, cefazolin has been the most extensively studied
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antibiotic for this role. Cefazolin has been found to meet all the desired criteria

mentioned (68) and therefore, is currently the most commonly used antibiotic.

Other broad-spectrum antibiotics such as second- and third-generation cephalos-

porins have also been investigated in this capacity but have not shown better

efficacy than cefazolin (27). Cefazolin continues to demonstrate adequate activity

against the organisms commonly isolated from THA infections; however, as new

patterns of resistance emerge, the optimal choice of antibiotic is expected to

evolve as well. Evidence of cefazolin-resistant organisms in total joint arthro-

plasty has already been reported (70,71). Tanzer and colleagues (71) reported that

7 of 152 patients who had skin swabbing before total knee arthroplasty were

found to have S. epidermidis resistant to standard doses of cefazolin. Likewise,

James and coworkers (70) demonstrated a 25% prevalence of cephalosporin-

resistant S. epidermidis in patients about to undergo elective THA.

The optimal duration of antibiotic prophylaxis has yet to be determined.

Several studies have reported no additional benefit when antibiotic prophylaxis

was continued beyond 24 hours (8,72–78). Mauerhan and associates (76)

reported no difference in the prevalence of wound infection after total hip or

knee arthroplasty between a 1-day regimen of cefuroxime and a 3-day regimen of

cefazolin. Similarly, in a study of 466 total joint arthroplasties, no difference in

infection rates was seen when 7-day, 3-day, and 24-hour antibiotic regimens were

compared (8). Wymenga and colleagues (79) attempted to shorten the prophy-

lactic regimen even further by comparing a single preoperative dose of cefurox-

ime to a three-dose regimen (preoperative, 6 hours, and 18 hours after surgery).

At a mean follow-up of 13 months, the prevalence of infection was 0.83% (11 of

1327) and 0.45% (6 of 1324) in the one-dose and three-dose groups, respectively.

Although this difference was not significant, the nearly double infection rate in

the one-dose group prompted the authors to recommend the longer three-dose

regimen.

As a result of the aforementioned studies, the current consensus on the

duration of systemic antibiotic prophylaxis for a routine primary THA is for a

single preoperative dose followed by two to three postoperative doses (27,80–82).

This shorter regimen is thought to minimize the expense, toxicity, and potential

for the development of resistant organisms while still providing adequate

antimicrobial activity.

Antibiotics may also be added to the cement of primary THAs as a means

of preventing periprosthetic infection. Several series have shown a significant

reduction in infection rates after THA using antibiotic-impregnated bone cement

in the absence of systemic antibiotics (83–85). However, relatively few rando-

mized, prospective studies have compared antibiotic-impregnated cement with

systemic antibiotics (86–89). McQueen and coworkers (86) found no statistical

difference in infection rates between the systemic administration of cefuroxime

and the addition of cefuroxime to bone cement. In contrast, Josefsson and
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associates (87,88), in their experience with 1688 consecutive THAs, found a

significantly lower rate of infection at 2-year and 5-year follow-ups with

antibiotic-laden cement when it was compared with systemic antibiotics.

However, at their 10-year follow-up, additional infections in the antibiotic-

laden cement group eliminated the statistically significant difference previously

seen (89).

Currently, no standards or clinical guidelines have been established with

respect to the routine use of antibiotics in bone cement. Concerns over the

potential for the emergence of resistant organsisms, toxic reactions to the

antibiotics, additional protective effect of use in combination with systemic

antibiotics, and mechanical effects of adding antibiotics have tempered its use;

less than 20% of primary THAs and less than 50% of revision THAs are

performed with this technique (90). As is done in other centers (91), we reserve

prophylactic antibiotic-impregnated cement for THA revisions as there seems to

be an additional benefit to their use in preventing infection.

2. Clean air technology

Clean air technology refers to the various techniques used to minimize the

number of airborne bacteria in the operating suite during surgery. The majority of

airborne bacteria are derived from the skin and hair of individuals present in the

operating room at the time of surgery including the patient, surgeons, nurses,

anesthesiologists, and circulating personnel. As a result, the bacteria are almost

always gram-positive (92). When airborne, bacteria are rarely found individually.

Instead, they usually reside on droplets, dust, and shed epithelial cells ranging in

size from 8 to 14 micrometers (93). Individually, bacteria range in size from 0.3 to

10 micrometers. The number of bacteria that can be shed by individuals is highly

variable and ranges from 5000 to 55,000 particles per minute (8). Individuals who

shed substantially more bacteria than their counterparts, known as dispersers,

have been associated with an increased risk of wound infection (94,95).

One form of clean air technology is the use of laminar airflow within the

operating room suite. Conventional operating rooms contain atmospheric air that

is filtered (removing approximately 97% of particles 0.5 mm in size or larger) and

exchanged (28–32 room air exchanges per hour) (96). Clean air rooms decrease

the number of airborne bacteria by more frequent exchange (up to 300 air

changes per hour), a higher degree of filtration (1–2 mm), and laminar flow of the

operating room air. Filtration to the level of 1–2 mm has been reported to result in

sterilized air (1). Laminar flow involves air moving at a uniform velocity along

parallel lines in a confined space. Clean air rooms have been shown to decrease

the average count of viable airborne bacteria per cubic foot from 5.4 to 0.45 in

clean air rooms and to 0.1 when body exhaust suits were used in addition to clean

air rooms (97).
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Two types of laminar flow have been investigated, horizontal and vertical.

Vertical laminar airflow is generally considered more effective and practical than

horizontal airflow in reducing airborne contamination, especially in the absence

of body exhaust suits (1,27,92,96). This effectiveness is thought to be due to the

increased turbulence at the operative field seen with the use of horizontal airflow

compared to vertical airflow. In the absence of body exhaust suits, members of the

surgical team continue to emit airborne organisms, which increase the likelihood

of infection in the presence of turbulent airflow at the operative site. When

personnel isolator body suits are used, members of the surgical team no longer

emit airborne organisms, and turbulence at the operative site can be tolerated

(1,27). In some studies (98), the use of horizontal airflow has actually been

associated with an increased prevalence of infection, which is believed to be due

to this increased air turbulence at the surgical site as a result of improper

positioning of personnel between the airflow unit and patient.

Despite the theoretical benefits of laminar airflow, this prophylactic

modality has not been universally embraced. In 1969, Charnley and Eftekhar

were the first authors to report their experience with clean air technology and the

use of laminar airflow and concluded that this technique was the most important

factor in the reduction of their infection rate from 9% to 1% (73). Other authors

have also demonstrated a dramatic reduction in infection rates to 0.5% and 0.8%

(63,65). The controversy surrounding this technique emerged from the short-

comings that none of these studies was prospective or randomized and that

confounding variables, especially the concomitant use of prophylactic antibiotics,

were not controlled. For example, in 1982 the Medical Research Council of Great

Britain published the findings of their large multicenter trial evaluating the effect

of clean-air operating rooms in 8055 total joint arthroplasties (Table 2) (63). The

prevalence of infection was 1.5% in the conventional rooms and 0.6% in the

Table 2 The Independent and Combined Effects of Clean-

Air and Prophylactic Antibodies on the Rate of Infection after

Total Joint Arthroplasty

Prophylactic

antibiotics Laminar air flow

No Yes

No 39 of 1161 13 of 1060 ( p < 0:01)
(3.4%) (1.2%)

Yes 24 of 2968 10 of 2863 ( p < 0:1)
(0.8%) (0.3%)

( p < 0:001) ( p < 0:01)

Source: From Ref. 63.
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clean air rooms ( p < 0:001). When the use of antibiotic prophylaxis was

accounted for, clean air rooms were still shown to have significant independent

effect without the use of antibiotics as the rate of infection decreased from 3.4%

in conventional rooms to 1.2% in clean air rooms ( p < 0:01). When antibiotics

were used independently of clear air rooms, the infection rate dropped even more,

from 3.4% to 0.8%. When the combination of clean air rooms and antibiotic

prophylaxis was used, the prevalence of infection decreased further, from 0.8% to

0.3%, but this effect was not significant ( p < 0:1). Fitzgerald’s study of 7305

arthroplasties supports the lack of a statistically significant difference between the

two operating room environments (conventional versus clean air) when prophy-

lactic antibiotics are used (3). However, it should be noted that in Fitzgerald’s

study, the clean-air environment consisted of horizontal laminar airflow without

the concomitant use of isolator body exhaust suits.

At this time, the role of laminar airflow in the prophylaxis of total joint

arthroplasty is controversial if prophylactic antibiotics are also used. Proponents

point to the trend of lower infection rates seen in Lidwell’s study (63) and the

need to provide additional prophylaxis in an era of increasing antibiotic resistance

(99,100). Critics point to the lack of significant differences in the setting of

concomitant prophylactic antibiotics and the increased expense of installing and

maintaining laminar airflow systems (3,27,97).

Ultraviolet light has also been used intraoperatively to sterilize bacteria

present on airborne particles (8). In investigations since 1935, several studies

have shown a decrease in postoperative wound infection rates with the use of this

modality (101–104). Although it is a relatively inexpensive alternative to laminar

airflow systems, the lack of definitive studies and concerns about the exposure of

the operating room personnel have thus far prevented its widespread acceptance

(27,102).

Other measures have been recommended in an effort to decrease the

potential for airborne bacterial contamination during surgery. Fitzgerald has

shown increased levels of airborne bacteria within the operating suite during

times of increased activity (Fig. 5) (96). In that report, high airborne bacterial

counts were encountered before surgery just after the patient entered the room,

while the anesthesia team was active, and during patient positioning times when

instrument packs are often already open and uncovered. Similarly, Brown and

coworkers (105) encountered a 4.4-fold increase in airborne bacterial counts with

preincision activity during preparation and draping of the patient. Even with a

scrubbed and gowned leg holder, the bacterial air counts were still 2.4-fold higher

than counts during the surgery itself. On the basis of these findings, it has been

recommended that instrument packs be either covered before incision or opened

only after skin preparation and draping have been completed (96,105). It is also

recommended that operating room traffic be limited before and during the

procedure. Ritter and colleagues (106) demonstrated a significant increase in
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microbiological counts in an unoccupied operating room when the door was left

open to the hallway, and a sixfold increase with the addition of five operating

room personnel. Wearing surgical facemasks under an overlapping hood and

minimizing conversation during the procedure have also been associated with

decreased levels of airborne contamination in the absence of full-body isolation

suits (107).

3. Optimization of the total hip arthroplasty patient

Several patient-dependent risk factors have been known to increase the likelihood

of development of infection after surgical procedures. Although a relative few of

these risk factors have been directly correlated with an increased risk of infection

after THA, they have been associated with conditions that increase the risk of

development of infection (delayed wound healing, etc.). The relative vulnerability

to infection of THA in comparison to other surgical procedures warrants an

appreciation of these risk factors. Patients considered to be at high risk are those

who are of advanced age, malnourished, or obese; have diabetes mellitus or

rheumatoid arthritis; or are using immunosuppressive medication. Each of these

conditions has been associated with impairment of the immune system. Unfortu-

nately, many of these conditions are common THA patients. Therefore, it is

recommended that patients with these risk factors who are to have THA would

Figure 5 Airborne contamination during total hip arthroplasty. (From Ref. 96.)
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benefit from the optimization of these risk factors, if possible, or might require

more intensive prophylactic techniques to minimize their risk of sepsis.

Advanced age, in the absence of disease, has been associated with a

diminished humoral (B cell) and cell-mediated (T cell) immune response

resulting in a decrease in antibody formation, depressed delayed-type hypersen-

sitivity (DTH) responses, decreased proliferative response, and altered helper-to-

suppressor activity ratio (108). Decreased thymic activity and constant antigenic

pressure throughout life have been suggested as factors for this impaired

immunity.

Both extremes of nutrition, malnutrition and obesity, have been found to be

directly related to an increased incidence of postoperative wound complications.

Although no direct correlation has been made between these nutritional abnorm-

alities and THA infections per se, the causal relationship of wound complications

and THA infection is well recognized (9,96,109). In one study, persistent wound

drainage was associated with a 3.2 times higher risk of deep infection (9).

Malnutrition, which may be present in as many as 48% of all surgical patients

(110), results in impairment of many host defense mechanisms including humoral

and cell-mediated immunity, phagocyte function, physical barriers (skin and

mucous membranes), and other nonspecific defenses (interferon, lysozymes, and

complement). At present, no universally accepted definition of malnutrition of

patients undergoing total joint arthroplasty has been established. However, several

nutritional parameters have been associated with increased risk of postoperative

wound complications. Greene and coworkers (111), in a review of 217 consecu-

tive total hip or knee arthroplasties, found that a preoperative lymphocyte count

of less than 1500 cells=mm3 was associated with a five times greater frequency of

development of major wound complication, and an albumin level of less than

3.5 g=dl had a seven times greater frequency. Low preoperative serum transferrin

levels have also been associated with an increased risk of wound complications

after THA (112). The nutritional index of Rainey-McDonald (Table 3) which

relies on serum albumin and transferrin levels, may aid in determining which

patients are at increased risk for postoperative infection (113). The elective nature

of THA provides opportunity for the treating physician to reverse these nutritional

deficiencies; such reversal has been shown to improve immune system function

and reduce the rate of infection-related complications (114).

Table 3 The Nutritional Index of Rainey-McDonalda

¼ ½ð1:2� serum albuminÞ þ ð0:0013� serum transferrinÞ� � 6:43

aValues less than or equal to 0 are consistent with nutritional depletion.

Source: From Ref. 113.
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Obesity has also been identified as a risk factor for poor wound healing

after a variety of surgical procedures (115,116). The effect of obesity on wound

healing after total joint arthroplasty, in particular, is less clear as several reports

support (76,117–119) and several refute (120–122) its association with impaired

wound healing. In addition to the possibility of a negative effect of obesity on the

postoperative wound, clinical and epidemiological data indicate that obese

patients have a greater susceptibility to infectious illnesses than lean patients

(115,116,123,124). It has been suggested that hyperglycemia, hyperinsulinemia,

and hyperlipidemia may have a negative effect on the function of certain immune

cells (124,125), but the exact effect is unknown at this time. Several alterations in

various measures of immune function have been noted in obese subjects,

including impairment of phagocytosis (124,126). Whether or not obesity can

be ‘‘optimized’’ before surgery is uncertain at this time because the effects of its

reversal, by either diet or bariatric surgery, on wound healing and infection have

not been sufficiently studied. It has been noted, however, that large weight loss in

obese patients was actually found to result in immune system impairment long

after the diet had ended (124).

Chronic diseases not uncommonly encountered in THA patients, especially

rheumatoid arthritis and diabetes mellitus, have also been associated with an

increased risk of periprosthetic infection. The increased risk of these two illnesses

can be at least partially attributed to an acquired reduction of immunorespon-

siveness with abnormal neutrophil chemostaxis and phagocytosis (14). Patients

with rheumatoid arthritis have up to a 2.6 times greater risk of development of a

THA infection when compared to osteoarthritics (1,52,73,117,127–129). This

increased risk is believed to be present not only in the immediate postoperative

period, but throughout the lifetime of the prosthesis (129). Efforts to optimize the

rheumatoid patient before surgery have centered on the cessation of the

immunosuppressant methotrexate, which is frequently used in the treatment of

this disease. Several authors have advocated the temporary cessation of metho-

trexate around the time of surgery to decrease the incidence of postoperative

wound infection (130–132). Alternatively, others advocate continued methotrex-

ate use through the perioperative period to prevent a flare-up of rheumatoid

arthritis (133–135). The most reasonable approach in this patient population may

be to withhold methotrexate for a short time during the perioperative period. A

period of 2 weeks before and after the surgery seems to minimize the flare-ups

while preventing any increased chance of development of infection (131). More

definitive studies are needed to confirm whether or not this approach is effective.

Diabetic patients are also considered at higher risk for development of deep

infection after total joint arthroplasty than nondiabetic patients (79,136–140).

This increased risk of infection is thought to be due not only to an impaired

immune system, but also to microvascular disease (14,141). Efforts to minimize

the infection risk in diabetics have used additional prophylactic measures and
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normalizing blood sugar counts. Maintaining serum glucose levels below

220mg=dL has been associated with a decreased risk of postoperative wound

infection after major cardiovascular and abdominal surgery (142). No reports of

the effect of ‘‘normalizing’’ serum glucose levels in the setting of THA have been

published. Additional prophylactic measures that have been attempted include the

combination of antibiotic-impregnated cement with preoperative systemic anti-

biotics. In a study of 78 total knee arthroplasties, Chiu and associates (143)

reported a significantly lower infection rate ( p ¼ 0:02) in diabetics with the

addition of cefuroxime-impregnated cement (0 of 41 knees, 0%) compared to

diabetics whose knees were implanted without antibiotic-impregnated cement (5

of 37, 13.5%). Although it is unknown why the infection rate in this study was so

high in the control group, the effective additional prophylaxis used in diabetics is

duly noted and may be indicated in this patient population of increased infectious

risk.

The transfusion of allogenic blood in the perioperative period has also been

associated with an increased infection risk in THA (144–146). In a multicenter

study of blood management in 9482 total hip or knee arthroplasties, Bierbaum

and colleagues (144) found a significantly higher rate of infection ( p � 0:001) in
patients who had received allogenic blood versus autologous blood. The possible

mechanism for this phenomenon is an impairment of cellular immunity resulting

in a deficient immune response (145,147). Since the need for any kind of blood

transfusion after THA can be as high as 57% (144), a rational approach to this

problem is necessary. Identification of the patient likely to need blood after THA

should be made in the preoperative period well before the date of surgery to allow

time for alternative techniques to be used. Transfusion practices that can reduce,

if not eliminate, the need for allogenic blood include autologous blood donation,

hemodilution, and perioperative blood salvage.

4. Meticulous surgical technique

The adherence to meticulous surgical technique is essential in reducing the

incidence of infection after THA. Proper technique actually begins in the

preoperative period with the preparation of the operative site. Shaving of the

operative site inevitably inflicts small superficial lacerations in the skin (‘‘nicks’’)

that can become colonized over time and lead to wound infections (148,149).

Therefore, the surgical site should be shaved as close to surgery as possible, and

not the night or day before.

The operative site should be prepared with an antiseptic agent and covered

with an antiseptic-impregnated adhesive drape before incision. After skin

preparation, recolonization of the skin can occur within 30 minutes by bacteria

sequestered in hair follicles and sebaceous glands located within the structure of

the skin. If the process is left unchecked, normal levels of skin colonization may
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be achieved within 3 hours (150). A plastic drape impregnated with slow-release

iodophor inhibits this skin recolonization and prevents lateral migration of

bacteria from exposed areas of the skin that were scrubbed but do not involve

the incision. It has also been recommended that at the end of longer procedures,

as the edges of this plastic adhesive drape are peeled away from the incision

before wound closure, it is reasonable to scrub the exposed skin and incision with

a povidone-iodine solution to reduce any bacterial colonization that may have

occurred (27). This technique must be weighed against the possibility of damage

to the exposed tissue that the direct application of povidone-iodine might cause.

If this practice is to be employed, a less concentrated solution should be used to

clean the exposed tissue. Once the surgery is under way, efforts should be made

to expedite the procedure as much as possible as prolonged surgical times have

been associated with an increase in the rate of periprosthetic infection (96,112).

The method of gloving during THA is controversial as one study has shown

that there are no difference in wound contamination of single- and double-gloving

regimens and that contamination results from sources other than glove puncture

(106). Nevertheless, double gloving is still recommended over single gloving

(27). If latex gloves are to be used on the outside, they should be exchanged

frequently, as Sanders and associates (151) have shown that the number of

punctures after use of double latex gloves correlated directly with the duration of

wear. In that study, all gloves were found to have punctures after 180 minutes. If

the constraints of cost, convenience, and comfort allow, a cloth outer glove may

be used as it has been associated with a significantly lower rate of puncture

( p � 0:0001) than a latex outer glove (151).

The remainder of the surgeon’s attire has also been investigated for its

ability to prevent the spread of airborne bacteria or direct contamination.

Facemasks donned beneath an overlapping hood, instead of over the hood, and

minimization of airborne contamination have been shown to decrease airborne

contamination (107). In addition, Gore-Tex gowns (W. L. Gore and Associates,

Flagstaff, Arizona) are reported to prevent the dispersion of bacteria 1000 times

more effectively than ordinary cotton gowns (152).

Several standard operative instruments have been reported to accumulate

bacterial contaminants. The suction tip has been recognized as a source of

intraoperative contamination (153–155). This is likely due to the large volume of

air that passes through it during the procedure. Therefore, the suction tip should

not be placed into the medullary canal for prolonged periods to prevent drawing

airborne contaminants into the wound. Also, the frequent exchanging of the

suction tip at 30-minute intervals and use of a clean suction tip at the time of the

preparation of the femoral canal help minimize this source of bacterial contam-

ination (27). The splash basin has also been shown to be prone to contamination.

In one study, 74% of splash basins were culture-positive at the end of the
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orthopedic procedure (156). Therefore, instruments that have been placed in the

splash basin should not be reintroduced into the wound.

Delicate handling of the tissue and prevention of extensive dissection from

the underlying fascia serve to reduce the quantity of devitalized tissue within the

wound. Copious irrigation is also encouraged not only to prevent tissue desicca-

tion, but also to provide an additional method of wound decontamination. At

closure of the wound, dead space is to be avoided and strict hemostasis is to be

achieved as a tense hematoma can compromise the surrounding tissue and

impede antibiotic access (157). The use of surgical drains to facilitate hematoma

evacuation is controversial, and if they are to be used, removal should be

accomplished within 24 to 48 hours to prevent retrograde contamination of the

wound (158–161).

B. Postoperative Prophylaxis

From the moment of its insertion, the prosthetic hip is susceptible to infection

during episodes of transient bacteremia. Any bacteremia can cause infection of a

total joint replacement by the hematogenous route (7). This risk of hematogenous

seeding lasts throughout the lifetime of the prosthesis and may result from

infections or manipulations of remote body sites. Some of the more common

origins of hematogenous infection are the oral cavity, skin, genitourinary tract,

and gastrointestinal tract (7).

Postoperative prophylaxis, in the form of antibiotics, aims to protect the

prosthetic hip from this seeding. Despite this ever-present risk of hematogenous

infection in THA, this method of prophylaxis remains a controversial subject.

Whereas the rate of bacteremia after dental and other diagnostic or therapeutic

procedures has been well documented (162), the rate of actual seeding of the

prosthetic joint from these hematogenous events remains unknown. At issue is

whether the prevalence of hematogenous seeding from these transient bacteremic

events is sufficiently high to outweigh the risk and cost of antibiotic prophylaxis.

This answer remains unknown.

Currently, there are relatively few generally accepted indications for post-

operative prophylaxis. One of the few consensus statements on this topic was

released in 1997 as a joint effort by the American Dental Association and the

American Academy of Orthopaedic Surgeons (163). In this joint advisory

statement, the appropriate use of antibiotic prophylaxis in dental patients with

total joint replacements was outlined (Table 4). Also defined were procedures

associated with significant degrees of bacteremia (Table 5), and patients at risk for

hematogenous infection (Table 6). This advisory statement followed studies that

demonstrated the frequency and intensity of bacteremia to be highest after oral

procedures, lower after genitourinary procedures, and lowest in gastrointestinal

procedures (162). Furthermore, Osmon and coworkers (164) demonstrated that
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Table 4 Suggested Antibiotic Prophylaxis Regimens in Patients with Total Joint

Replacements Undergoing Dental Proceduresa

1. Patients not allergic to penicillin: cephalexin, cephradine, or amoxicillin 2 g PO 1 h

before dental procedure

2. Patients not allergic to penicillin but unable to take oral medications: cefazolin 1 g or

ampicillin 2 g IM=IV 1 h before procedure

3. Patients allergic to penicillin: clindamycin 600mg PO 1 h before dental procedure

4. Patients allergic to penicillin and unable to take oral medications: clindamycin 600mg

IM=IV 1 h before procedure

aNo second doses are recommended for any of these dosage regimens.

Source: From Ref. 163.

Table 5 Incidence Stratification of Bacteremic Dental Procedures

Higher incidencea

Dental extractions

Periodontal procedures including surgery, subgingival placement of antibiotic fibers=
strips, scaling and root planning, probing, recall maintenance

Dental implant placement and reimplantation of avulsed teeth

Endodontic (root canal) instrumentation or surgery only beyond the apex

Initial placement of orthodontic bands but not brackets

Intraligamentary local anesthetic injections

Prophylactic cleaning of teeth or implants where bleeding is anticipated

Lower incidenceb

Restorative dentistryc (operative and prosthodontic) with=without retraction cordd

Local anesthetic injections (nonintraligamentary)

Intracanal endodontic treatment; postplacement and buildup

Placement of rubber dam

Postoperative suture removal

Placement of removable prosthodontic=orthodontic applicances

Taking of oral impressions

Fluoride treatments

Taking of oral radiographs

Orthodontic appliance adjustment

a Prophylaxis should be considered for patients with total joint replacement who meet the criteria in

Figure 10. No other patients with orthopedic implants should be considered for antibiotic

prophylaxis before dental treatment=procedures.
b Prophylaxis not indicated.
c This includes restoration of carious (decayed) or missing teeth.
d Clinical judgment may indicate antibiotic use in selected circumstances that may create significant

bleeding.

Source: From Ref. 163.
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the rate of deep periprosthetic infection linked to an oral source was greatest in

the first 2 years after an arthroplasty, occurring at a frequency of 0.14 case per

1000 joint-years, whereas the annual rate after the first 2 years was only 0.03 case

per 1000 joint-years.

The use of prophylactic antibiotics in patients with THA who are having

iatrogenic manipulation of the genitourinary tract (cystoscopy, etc.) or the

gastrointestinal tract (endoscopy, etc.) remains controversial. The incidence of

hematogenous seeding after these procedures and the efficacy of prophylactic

antibiotics in preventing this seeding are unknown. Until a consensus is reached,

prophylaxis for these procedures must be addressed on an individual basis and

should be influenced by the number of risk factors present.

VIII. TREATMENT

The primary goals in the treatment of THA infections are the relief of pain, a

functional lower extremity, and the eradication of infection. The mainstays of

treatment are a prolonged course of antibiotics and surgery. Whereas both

antibiotics and surgery, when used alone, have been able to suppress infections

involving the prosthetic hip temporarily, consistent eradication usually requires

both of these interventions.

Parenteral antibiotics should be initiated immediately after cultures of the

periprosthetic environment are obtained. The initial antibiotic should be a broad-

spectrum agent that is likely to be active against the organisms common to

periprosthetic infections. Often a first-generation ephalosporin (cefazolin) or a

penicillinase-resistant penicillin (methicillin or oxacillin) suffices. Once the

Table 6 American Dental Association–American Academy of Orthopaedic

Surgeons Advisory Statement: Antibiotic Prophylaxis in Dental Patients with

Total Joint Arthroplasty

Patients at potential increased risk of hematogenous total joint infection

Immunocompromised patients

Inflammatory arthopathies; rheumatoid arthritis, systemic lupus erythematosus

Disease-, drug-, or radiation-induced immunosuppression

Other patients

Insulin-dependent (type I) diabetes

First 2 years after joint replacement

Previous prosthetic joint infections

Malnourishment

Hemophilia

Source: From Ref. 163.
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organism, or organisms, has been identified, antibiotic treatment is modified in

favor of a more specific agent to which the pathogens are sensitive. Consultation

with an infectious disease specialist is advised to aid in selecting the appropriate

antibiotic.

It has been recommended that the dosage of the selected antibiotic should

be determined by performing postpeak serum bactericidal titers (SBTs). Lieber-

man and associates (165) established a SBT threshold of 1 : 8 as 27 of 28 (96%)

THA infections were successfully treated when this titer was attained. In contrast,

in two of four (50%) hips that did not achieve this threshold, a recurrent infection

developed. The technique of determining serum bactericidal titers begins with

obtaining specimens of serum 1, 1.5, 2, 3, or 6 hours after the fifth dose of

antibiotics, depending on whether the dose is administered every 4, 6, 8, 12, or 24

hours, respectively. These serum samples are then diluted from 1 : 2 to 1 : 2048.

The offending bacteria are added to each dilution and cultures are performed. The

SBT is defined as the highest dilution of serum that kills 99% of the infecting

bacteria.

In the past, recommendations for the duration of antibiotic treatment have

varied from weeks to indefinitely. However, in the recent literature, most authors

favor an antibiotic course lasting from 4 to 6 weeks (4). McDonald and associates

(166), in a retrospective study of reimplantation after THA infection, reported the

recurrence of infection in three of seven (43%) hips that had less than 4 weeks of

parenteral antibiotics. In contrast, recurrence developed in only 1 of 13 (8%) hips

that received parenteral antibiotics for more than 4 weeks.

Surgery, on the other hand, cannot completely eliminate the offending

organism from the periprosthetic environment, but resection of infected tissue

does serve to reduce the pathogenic load, allowing more effective eradication by

the antibiotic. Indeed, the natural history of an infected THA without both

antibiotics and surgery has been associated with increased morbidity and

mortality rates (52,167,168).

The treatment options available to the orthopaedic surgeon include (1) two-

stage reimplantation, (2) one-stage reimplantation, (3) resection arthroplasty, (4)

débridement with retention of the prosthesis, (5) chronic suppressive antibiotics

only, (6) arthroscopic débridement with retention of the prosthesis, (7) hip

arthrodesis, and (8) hip disarticulation. The optimal treatment method for a

particular case depends on several factors (Table 7).

The duration of the infection is an important factor in determining the

optimal treatment for a THA infection. This factor chiefly influences whether the

original prostheses may be retained or removed. It has been shown that a high rate

of success can be achieved with component retention in infections of less than 1

month in duration (12). Component retention is preferable as it is a less extensive

procedure and bone stock is preserved. This 1-month threshold is believed to be

directly related to the amount of glycocalyx bacteria are able to produce. In
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bacterial infections of less than 1 month, it has been postulated that insufficient

amounts of glycocalyx are present, enabling local débridement, antibiotics, and

prosthetic retention to be effective. Correspondingly, in infections of more than 1

month’s duration, it has been proposed that increased amounts of glycocalyx are

present, making prosthetic retention less reliable than resection (12).

The virulence of the offending pathogen must also be considered. Virulence

has been traditionally defined as the inherent aggressiveness of the pathogen. For

instance, Staphylococcus aureus is considerably more virulent than Staphylococ-

cus epidermidis as it is more proactive in establishing infection, whereas S.

epidermidis is more a pathogen of opportunity (10). Tn this age of continuing

antibiotic ineffectiveness, an organism’s resistance to antibiotics is also consid-

ered evidence of virulence. Organisms of high virulence should be treated more

aggressively than their low-virulence counterparts.

Other factors to consider in determining the appropriate treatment are the

quality of remaining bone in the periprosthetic environment, stability of the

implant, patient’s overrall medical condition, and patient’s willingness to undergo

additional procedures (Table 8).

A. Two-Stage Reimplantation

The two-stage reimplantation technique involves removal of the prostheses and

resection of all infected tissue, followed by reimplantation of a new prosthesis at

another surgical setting. The interval between surgeries is at least 6 weeks and

consists of intravenous antibiotics. Once the antibiotic interval is completed, if

results of diagnostic studies indicate the eradication of the infection, new

components are then implanted. Confirmation of successful treatment is impera-

tive before reimplantation and, like the diagnosis of infection itself, may be

challenging. Experience with total knee infections suggests that a waiting period

of 1 month off antibiotics followed by an aspirate and culture of the previously

infected joint may identify the few patients (3%–20%) who remain infected even

after prosthetic removal and prolonged antibiotics (169).

Table 8 Factors Considered in Determining Optimal

Treatment for Periprosthetic Hip Infections

Duration of the infection

Virulence of the offending organism

Quality of bone

Quality of the surrounding soft tissue

Stability of the implant

Patient’s overall medical condition

Patient’s willingness to undergo additional procedures
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Two-stage reimplantation is considered the standard in the treatment of

periprosthetic hip infections because the highest success rates (average 92%) have

been reported with this technique (4,170). The prerequisites for this method of

treatment include adequate bone stock or a bone stock deficiency amenable to

reconstruction, minimal serious medical comorbidities, and patient willingness to

undergo two additional procedures (Table 7).

Controversy exists regarding the optimal fixation of the femoral component

at the time of reimplantation. Traditionally, the high success rate enjoyed by the

two-stage reimplantation technique involved the use of antibiotic-impregnated

cement fixation of the femoral component (171). Desire to preserve bone stock

and concern about the potential adverse effects of cement on the immune system

led to trials of cementless femoral fixation. The initial experience with cementless

femoral fixation at the time of reimplantation after infection was substandard,

resulting in both high rates of loosening (18%) and high rates of recurrent

infection (18%–30%) (172–174). However, studies in 1999 and 2000 contra-

dicted these initial results (175,176). Ferring and associates (175), using cement-

less femoral fixation at the time of reimplantation, reported successful eradication

of periprosthetic hip infections in 23 of 25 patients (92%). They also reported

radiographic evidence of bone ingrowth at the femoral component in 24 of 25

patients (96%) at 4.8 years of follow-up. Similarly, Haddad and colleagues (176),

in the largest review of two-stage cementless revision for infection, reported

successful treatment in 46 of 50 (92%). In this study, antibiotic-impregnated

cement beads were implanted at the time of resection and left in place during the

3-week interval between stages, and antibiotics were continued for at least 3

months after the reimplantation. These two studies suggest that equal short- to

intermediate-term results can be achieved with cementless and cemented femoral

fixation. Currently unanswered is which technique offers better fixation in the

long-term.

B. One-Stage Reimplantation (Direct-Exchange
Arthroplasty

The one-stage reimplantation technique involves the excision of all prosthetic

components and infected tissue and the implantation of new components during

the same surgical procedure. After surgery, a parenteral antibiotic regimen of at

least 4 to 6 weeks is administered. The advantages of this technique over a two-

staged procedure include the lower cost and morbidity rate associated with the

need for one less procedure.

The overall experience with one-stage reimplantation has demonstrated

inferior success rates in comparison with the two-stage technique (Table 9)

(4,170,171,177,178). In a literature review of 12 reports, Jackson and Schmalz-

ried (178) found a cumulative success rate of 83% at an average follow-up of 4.8
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years. However, studies that followed more stringent indications have demon-

strated success comparable to that of the two-stage technique. Ure and coworkers

(190), at an average of 10 years after a one-stage reimplantation for THA

infection, reported no recurrences of infection (100% success) in 20 patients.

Likewise, Callaghan and associates (171) reported successful eradication of THA

infections in 22 of 24 (91.7%) hips treated with a one-stage protocol. It is clear

Table 9 Success Rates of One-Stage and Two-Stage Reimplantation: With and Without

Antibiotic-Laden Cement

One-stage Two-stage

Author

Number of

hips

Success

(%)

Number of

hips Success (%)

Cement with antibiotics

Bucholz et al.179 667 77 x x

Carlsson et al.180 59 90 18 78

Murray181 13 38.5 22 95.5

Wroblewski182 102 91 x x

Hope et al.183 72 87.5 19 100

Elson184 235 87.5 61 96.5

Garvin et al.185 21 90.5 55 92.7

Duncan and Masri186 x x 46 93

Sanzen et al.187 72 76 30 74.6

Raut et al.188 57 86 x x

Miley et al.189 47 87 x x

Ure et al.190 20 100 x x

Callaghan et al.171 24 91.7 x x

Total¼ 1389 Average¼ 82% Total¼ 251 Average¼ 92%

Cement without antibiotics

Hunter177 55 18 10 60

Hughes et al.191 13 92.3 13 84.6

Tablott et al.192 x x 25 80

Cherney and Amstutz193 5 80 28 64

Fitzgerald2 x x 111 90

Jupiter et al.194 18 78.1 x x

Salvati et al.195 31 91 28 89

Callaghan et al.196 14 86 18 94.5

McDonald et al.166 x x 82 86.6

Lieberman et al.165 x x 32 91

Total¼ 136 Average¼ 59% Total¼ 347 Average¼ 84%

Source: Modified from Ref. 171.
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from the literature to date that the high success rate of one-stage reimplantation

can only be consistently achieved with proper patient selection. Generally

accepted criteria for one-stage reimplantation include (1) a pathogen sensitive

to antibiotics, (2) non–glycocalyx-producing bacteria, (3) a patient with few or no

risk factors for infection (rheumatoid arthritis, diabetes mellitus, etc.), (4) a

wound in which there is adequate bone and soft tissue to support reconstruction

of the hip, and (5) comorbid medical conditions that place the patient at increased

risk with a second major procedure (190). Without strict adherence to these

indications, the patient is at an increased risk of recurrence and its potential

adverse sequelae. Unfortunately, only a limited number of THA infections meet

the indications for one-stage reimplantation.

No controversy regarding the femoral fixation method in one-stage reim-

plantation exists because most authors recommend the use of cement fixation for

this technique (4). In fact, there is little experience with the use of cementless one-

stage reimplantation for the treatment of periprosthetic hip infections. In Jackson

and Schmalzried’s review of the one-stage reimplantation literature (178), 1282 of

the 1299 (99%) procedures were performed with antibiotic-impregnated cement.

In the remaining 17 procedures, it was unclear as to whether antibiotics were

mixed in the cement. One reason for this endorsement of cement fixation is the

ability to introduce an additional antibiotic load in the wound by adding antibiotics

to the cement. This local depot results in higher concentrations of antibiotics

within the wound compared to those in intravenous administration. In order to

achieve the same local concentrations via the intravenous route, increased doses

that could potentiate systemic complications would be required. Although the

reported elution characteristics of antibiotics in cement have varied, it appears that

the higher local concentrations attained by antibiotic-impregnated cement last for

at least several days, and in some studies, several weeks (186). The antibiotic

should be effective against the infecting organism and stable when exposed to heat

so that its efficacy is maintained during polymerization of the cement.

C. Resection Arthroplasty

The resection arthroplasty technique involves the removal of all components and

involved tissue with no subsequent reimplantation. After the resection, a

parenteral antibiotic regimen similar to that used for the reimplantation techni-

ques is begun. This is essentially a salvage operation for the patient who is not a

candidate for one of the reimplantation techniques. The accepted indications for

this technique include (1) the presence of a highly resistant organism, (2) poor

quality of bone and soft tissues, (3) patient risk factors predisposing to recurrent

infections (chronic immunosuppression, intravenous drug use, etc.), (4) inability

or unwillingness of the patient to comply with the postoperative regimens of the

reimplantation techniques, and (5) a medically unfit patient (4,197).
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This technique has demonstrated acceptable success with respect to pain

relief and eradication of infection (198–204). However, the functional results are

inferior to those of the reimplantation techniques as an inevitable leg length

discrepancy results in a prominent lurching gait and a corresponding increase in

energy expenditure during ambulation (205). Furthermore, the functional results

after resection arthroplasty for infection tend to be inferior to those of resection

arthroplasty for other diagnoses. Other factors associated with a worse functional

prognosis include extensive proximal femoral resection, advanced age, poor

medical condition, and arthritis of the contralateral hip (203). Nevertheless,

some patients are able to function satisfactorily but require ambulatory aids and

shoe lifts (199).

D. Hip Arthrodesis

Although limited experience exists with the use of the hip arthrodesis technique

in the setting of THA infections, hip arthrodesis has been shown to be effective,

especially in young and active patients. Kostuik and Alexander (206) reported

successful eradication of infection in seven THA infections treated with hip

arthrodesis. Four of the infections were treated with a one-stage revision. The

remaining three THA infections were noted to have gross purulence at the time of

surgery and subsequently underwent a staged fusion 6 weeks later. The age of the

patients ranged between 23 and 67; five patients were between the ages of 23 and

33 years. A return to preoperative function and occupation was possible in five of

the seven patients.

Hip arthrodesis demonstrates superior postoperative functional results when

compared to resection arthroplasty (206). In contrast to resection arthroplasty

patients, arthrodesis patients can stand unaided, do not have difficulties perform-

ing household duties, do not require significant external support (canes at most),

and are more able to conduct heavy occupational activities (202,206). These

improved functional results must be weighed against the potential risk of recurrent

infection associated with the retained hardware implanted at the time of fusion.

E. Débridement with Retention of Components

The débridement with retention of components technique involves the debride-

ment of the involved soft tissues, exchange of the polyethylene insert, and

retention of the remaining components combined with a postoperative course of

parenteral antibiotics. As with the one-stage reimplantation technique, the

presence of specific criteria has been shown to be necessary to optimize the

results when using débridement and retention. The advantage of débridement

with retention is the preservation of bone stock, which is considerably reduced by

any technique involving prosthetic removal. The results of this technique have
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been variable, with success rates anywhere between 0% and 80% reported (207).

Generally accepted criteria for the use of this technique are (1) duration of

infection less than 1 month, (2) pathogen sensitive to antibiotics, (3) absence of

extensive scar tissue, (4) minimal or no risk factors for infection, and (5) well-

fixed prosthesis (4,12).

Chief among the criteria mentioned is the duration of infection of less than

1 month. Using débridement with retention combined with a postoperative

antibiotic regimen, Tsukayama and coworkers (12) were successful in treating

25 of 35 (71%) early postoperative infections (duration less than 1 month). In the

six acute hematogenous infections, only three (50%) were successfully eradi-

cated. According to Tsukayama and colleagues less successful results were

produced in infections present for longer than 1 month. The findings of

Crockarell and colleagues (207) support the importance of early treatment

when using débridement with retention. In their relatively unsuccessful experi-

ence (14% overall success), débridement with retention was only successful in

early postoperative and acute hematogenous infections with less than 14 days of

symptoms and was unsuccessful for each of their 18 late chronic infections.

The difficulty for the treating surgeon when contemplating using this

technique lies in determining the onset of infection. The onset of infection in

the early postoperative period (less than 1 month from the index arthroplasty) is

relatively straightforward as these infections are presumed to be the result of

seeding of the periprosthetic environment at, or shortly after, the time of surgery.

Likewise, it is usually not difficult to determine that the onset of infection in

chronic infections is greater than 1 month as these are usually characterized by

several months of gradually increasing symptoms The difficulty occurs in

attempting to determine accurately the onset of infection in acute hematogenous

infections. In the acute hematogenous infections, the treating surgeon is dependent

on the duration of symptoms as an indicator of the duration of infection.

Unfortunately, it can be difficult to determine whether the development of

symptoms is from an acute infection that has just begun, or from a subacute

indolent infection that has just become symptomatic despite being present for

several weeks or months. Some patients may have an obvious bacteremic event

immediately before the development of symptoms, which may aid in distinguish-

ing between an acute and a subacute=chronic process. Those patients for whom this

distinction cannot be made should be managed as if they have a chronic infection.

F. Chronic Suppressive Therapy

The chronic suppressive therapy method of treatment entails long-term antibiotic

therapy without any adjunctive surgical intervention. The goal of chronic

suppressive therapy is to control the infection by inhibiting the growth and

proliferation of the offending bacteria. This form of therapy should not be
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considered as a first-line modality and is only indicated for patients who are not

surgical candidates, patients with serious comorbid medical conditions associated

with an unacceptable surgical risk, and patients who refuse surgery. Additional

necessary criteria include identification of the infecting organism, which must be

sensitive to an oral antibiotic. The oral antibiotic should have the potential for

minimal side effects when given long-term.

Chronic suppressive therapy has demonstrated inferior success rates to those

of the other techniques. Goulet and coworkers (208) in a study of 19 THA

infections at an average follow-up of 4.1 years, reported no deterioration in only

nine hips (47%). Although these authors included surgical débridement in some of

their cases, this had no influence on the outcome. Drancourt and associates (209)

reported successful treatment in 8 of 12 (67%) THA infections at a follow-up of 12

to 57 months. In this study, the combination of rifampin and ofloxacin (a

fluoroquinolone) was used, and sensitivity to both antibiotics was a requirement

for inclusion in the study. The addition of rifampin to antibiotic regimens for

orthopedic implant infections has been shown to be beneficial by other authors as

well, as it is believed that a combination regimen is more effective in preventing

failures of treatment secondary to the emergence of resistant organisms (210,211).

Unfortunately, the use of ofloxacin and other fluoroquinolones in chronic suppres-

sive therapy may be limited in the future as quinolone resistance continues to

increase among staphylococal isolates. During the 1990s, staphylococcal resis-

tance to fluoroquinolones increased to the point where 90% of staphylococci that

are resistant to oxacillin are also resistant to fluoroquinolones (212). As a result,

other oral antibiotic agents have been investigated but have only shown marginal

success. High doses of oral co-trimoxazole (trimethoprim-sulfamethoxazole) led

to a successful outcome in only four of eight (50%) THA infections; three of the

four failures occurred because of intolerance to the drug (213). Likewise, in

another study by Drancourt and coworkers, only 7 of 17 (41%) THA infections

were cured with a regimen of fusidic acid and rifampin, and the emergence of

resistant organisms accounted for a significant proportion of the failures (214).

The question with long-term antibiotic suppressive therapy is one of

duration. Although Drancourt and colleagues (209) demonstrated considerable

success with a 6-month regimen of oral antibiotics, other authors recommend

lifelong antibiotics if suppressive therapy is to be the primary treatment for a

THA infection (215). Unfortunately, prolonged suppressive antibiotic therapy

does risk the emergence of resistant organisms (209,214), which may necessitate

one of the salvage procedures discussed previously.

G. Arthroscopic Débridement with Component Retention

To our knowledge, currently only one study has reported the use of arthroscopic

débridement with component retention. Hyman and coworkers (215) described
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their experience with eight THA infections in which each patient had arthroscopic

drainage, lavage, and débridement of the infected prosthetic hip followed by a 2-

to 6-week course of intravenous antibiotics and then lifelong oral antibiotics. At a

mean of 70 months, there were no recurrences of infection (100% success) and no

evidence of progressive radiolucent loosening. The greater success achieved with

this technique compared to the use of chronic suppressive therapy alone may be

due to the promptness of the débridement since each patient experienced 37 or

fewer days of symptoms before treatment. As previously mentioned, prompt

débridement is essential to eradicating infection as it acts to decrease the bacterial

load before significant pathogen adherence to the prosthetic components and the

establishment of the glycocalyx, which sequesters them from host defense

mechanisms and antibiotics. However, one of the concerns about arthroscopic

débridement is the ability to débride the entire joint adequately.

The minimally invasive nature of this procedure provides an attractive

alternative to open débridement, which may be beneficial to patients whose

medical condition precludes extensive surgery. It must be emphasized that this

technique is a form of chronic suppressive therapy and should only be used when

the criteria for chronic suppressive therapy apply. Despite the findings of

Drancourt and associates (209), it is still widely believed that chronic suppressive

therapy does just that—it only suppresses the infection, and if the antibiotics were

to be discontinued, recurrence of the infection would be likely (215). In contrast,

open débridement combined with a short-term antibiotic regimen is a legitimate

treatment method that has a reasonable chance of eradicating the infection.

H. Hip Disarticulation

The hip disarticulation technique is a salvage procedure and is to be considered

only as a measure of last resort. Fenelon and colleagues (216) successfully treated

10 of 11 patients with chronically infected hip arthroplasties using this technique.

In their study, multiple failed revisions for infection was found to be a risk factor

for progression to hip disarticulation. The indications for hip disarticulation

include life-threatening infections, severe loss of soft tissue and bone stock, and

vascular injury to the external iliac vessels (216).

IX. SUMMARY

Total hip arthroplasty provides a fertile environment for infection because of the

combined effect of an extensive dissection, prolonged operative time, and

implantation of a large amount of foreign body. The staphylococcal species of

bacteria continue to be the most common offending pathogens in THA infections

and typically originate from the skin of the patient or operating room personnel.

Despite extensive perioperative and postoperative prophylactic measures, the rate
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of these infections continues to average 1%–2%. The diagnosis of THA

infections may be challenging in all but the most fulminant infections because

the signs and symptoms of an indolent infection (the most common presentation)

can be minimal. Furthermore, no one diagnostic test has demonstrated 100%

reliability; therefore, a combination of investigative modalities is recommended

in these often difficult to diagnose infections. Once the presence of infection has

been confirmed, two-stage reimplantation is the treatment method of choice in all

but a minority of cases. Depending on the timing of the infection, virulence of the

offending pathogen, and condition of the patient, some cases may benefit from

less extensive procedures such as débridement with retention of components or

one-stage reimplantation. Several salvage treatment options also exist for the rare

cases that are not amenable to the first-line treatment options.
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9. VV Surin, K Sundhold, L Bäckman. Infection after total hip replacement. J Bone

Joint Surg 65B:412–418, 1983.

10. KL Garvin, SH Hinrichs, JA Urban. Emerging antibiotic-resistant bacteria: their

treatment in total joint arthroplasty. Clin Orthop 369:110–123, 1999.

11. KL Garvin, RH Fitzgerald Jr, EA Salvati, BD Brause, OA Nercessian, SLWallrichs,

DM Ilstrup. Reconstruction of the infected total hip and knee arthroplasty with

gentamicin-impregnated Palacos bone cement. Instr Course Lect 42:293–302, 1993.

12. DT Tsukayama, R Estrada, RB Gustilo. Infection after total hip arthroplasty: a

study of the treatment of one hundred and six infections. J Bone Joint Surg

78A:512–523, 1996.

Total Hip Infections 279



13. JA Urban, S Hinrichs, H Dong, BP Hasley, KL Garvin. Skin bacterial counts in

patients with a history of an infected total joint arthroplasty. 68th Annual Meeting

of the American Academy of Orthopaedic Surgeons. San Francisco, February 28–

March 4, 2001.

14. JP McAuley, G Moreau. Sepsis: etiology, prophylaxis and diagnosis. In: JJ

Calaghan, AG Rosenberg, HE Rubash, eds. The Adult Hip. Philadelphia: Lippin-

cott-Raven, 1998:1295–1306.

15. SD Elek, PE Conen. The virulence of staphylococcus pyogenes for man: a study of

the problems of wound infection. Br J Exp Pathol 38:573–586, 1957.

16. AG Gristina, E Barth, LX Webb. Microbial adhesion and the pathogenesis of

biomaterial centered infections. In: R Gustillo, ed. Orthopaedic Infection, Diagnosis

and Treatment. Philadelphia: WB Saunders, 1989:26–36.

17. AG Gristina, CD Hobgood, E Barth. Biomaterial specificity, molecular mechanisms

and clinical relevance of S. epidermidis and S. aureus infections in surgery. In: G

Pulverer, PG Quie, G Peters, eds. Pathogenicity and Clinical Significance of

Coagulase-Negative Staphylococci. Stuttgart: Gustav Fischer-Verlag, 1987:143–

157.

18. AG Gristina, JW Costerton. Bacterial adherence and the glycocalyx and their role in

musculoskeletal infection. Orthop Clin North Am 15:517–535, 1984.

19. AG Gristina, M Oga, LX Webb, CD Hobgood. Adherent bacterial colonization in

the pathogenesis of osteomyelitis. Science 228:990–993, 1985.

20. AG Gristina, CD Hobgood, E Barth. Biomaterial specificity, molecular mechanisms

and clinical relevance of S. epidermidis and S. aureus infections in surgery. In: G

Pulverer, PG Quie, G Peters, eds. Pathogenicity and Clinical Significance of

Coagulase-Negative Staphylococci. Stuggart: Gustav Fischer-Verlag, 1987:143–

157.

21. HW Paerls. Influence of attachment on microbial metabolism and growth in aquatic

ecosystems. In: DC Savage, M Fletcher, eds. Bacterial Adhesion. New York:

Plenum Press, 1985:363–400.

22. MRW Brown, P Williams. The influence of environment on envelope properties

affecting survival of bacteria in infections. Ann Rev Microbiol 39:527–556, 1985.

23. NS Eftekhar. The infected total hip. Instr Course Lect 26:66–74, 1977.

24. JM Cuckler, AM Star, A Alavi, RB Noto. Diagnosis and management of the

infected total joint arthroplasty. Orthop Clin North Am 22(3):523–530, 1991.

25. AG Gristina, J Kolkin. Current concepts review: total joint replacement and sepsis.

J Bone Joint Surg 65A:128–134, 1983.

26. DL Hamblen. Diagnosis of infection and the role of permanent excision arthro-

plasty. Orthop Clin North Am 24(4):743–749, 1993.

27. Hanssen AD, Osmon DR, Nelson CL. Prevention of deep periprosthetic joint

infection. J Bone Joint Surg 78A(3):458–471, 1996.

28. MJ Spangehl, ASE Younger, BA Masri, CP Duncan. Diagnosis of infection

following total hip arthroplasty. Instr Course Lect 47:285–295, 1998.

29. M Graif, E Schwartz, S Strauss, M Mouallem, M Schecter, B Morag. Occult

infection of hip prosthesis: sonographic evaluation. J Am Geriatr Soc 39(2):203–

204, 1991.

280 Garvin and Urban



30. MT van Holsbeeck, WR Eyler, LS Sherman, TJ Lombardi, E Mezger, JJ Verner, JR

Schurman, K Jonsson. Detection of infection in loosened hip prostheses: efficacy of

sonography. Am J Roentgenol 163(2):381–384, 1994.

31. SG Oswald, D van Nostrand, CG Savory, JJ Callaghan. Three-phase bone and

indium white blood cell scintigraphy following porous-coated hip arthroplasty.

J Nucl Med 30:274–280, 1990.

32. WA Wegener, A Alavi. Diagnostic imaging of musculoskeletal infection: Roent-

genography; gallium, indium-labeled white blood cell, gammaglobulin, bone

scintigraphy, and MRI. Orthop Clin North Am 22:401–418, 1991.

33. PR Glithero, P Grigoris, LK Harding, SR Hesslewood, DJ McMinn. White cell

scans and infected joint replacements: failure to detect chronic infection. J Bone

Joint Surg 75B:371–374, 1993.

34. KD Merkel, ML Brown, MK Dewanjee, RH Fitzgerald Jr. Comparison of indium-

labeled-leukocyte imaging with sequential technetium-gallium scanning in the

diagnosis of low-grade musculoskeletal sepsis: a prospective study. J Bone Joint

Surg 67A:465–476, 1985.

35. AWJ Kraemer, R Saplys, JP Waddell, J Morton. Bone scan, gallium scan, and hip

aspiration in the diagnosis of infected total hip arthroplasty. J Arthroplasty

8(6):611–613, 1993.

36. JA Johnson, MJ Christie, MP Sandler, PF Parks Jr, L Homra, JJ Kaye. Detection of

occult infection following total joint arthroplasty using sequential technetium-99m

HDP bone scintigraphy and indium-111-WBC imaging. J Nucl Med 29:1347–1353,

1988.

37. CJ Palestro, CK Kim, AJ Swyer, JD Capozzi, RW Solomon, SJ Goldsmith. Total

hip arthroplasty: periprosthetic indium-111-labelled leukocyte activity and comple-

mentary technetium 99-m-sulfur colloid imaging in suspected imaging. J Nucl Med

31:1950–1955, 1990.

38. DM Scher, K Pak, JH Lonner, JE Finkel, JD Zuckerman, PE Di Cesare. The

predictive value of indium-111 leukocyte scans in the diagnosis of infected total

hip, knee, or resection arthroplasties. J Arthroplasty 15:295–300, 2000.

39. RE Teller, MJ Christie, W Martin, EP Nance, DW Haas. Sequential indium-labeled

leukocyte and bone scans to diagnose prosthetic joint infections. Clin Orthop

373:241–247, 2000.

40. WJ Oyen, RA Claessens, JW van der Meer, FH Corstens. Detection of subacute

infectious foci with indium-111-labeled autologous leukocytes and indium-111-

labeled human nonspecific immunoglobulin G: a prospective comparative study.

J Nucl Med 32:1854–1860, 1991.

41. MW Nijhof, WG Oyen, A van Kampen, RA Claessens, JW van der Meer, FH

Corstens. Evaluation of infections of the locomotor system with indium-111-

labelled human IgG scintigraphy. J Nucl Med 38(8):1300–1305, 1997.

42. GC Canner, ME Steinberg, RB Heppenstall, R Balderston. The infected hip after

total hip arthroplasty. J Bone Joint Surg 66A:1393–1399, 1984.

43. NS Eftekhar. Diagnosis of infection in joint replacement surgery. In: NS Eftekhar,

ed. Infection in Joint Replacement Surgery: Prevention and Management. St. Louis:

CV Mosby, 1984:115–130.

Total Hip Infections 281



44. MJ Spangehl, CP Duncan, JX O’Connell, BA Masri. Prospective analysis of

preoperative and intraoperative studies for the diagnosis of infection in 210

consecutive revision total hip arthroplasties. The Annual Meeting of The American

Academy of Orthopaedic Surgeons. San Francisco, Feb 15, 1997.

45. MJ Spangehl, BA Masri, JX O’Connell, CP Duncan. Prospective analysis of

preoperative and intraoperative investigations for the diagnosis of infection at the

sites of two hundred and two revision total hip arthroplasties. J Bone Joint Surg

81A:672–683, 1999.

46. IW Forster, R Crawford. Sedimentation rate in infected and uninfected total hip

arthroplasty. Clin Orthop 168:48–52, 1982.

47. B Thoren, A Wigren. Erythrocyte sedimentation rate in infection of total hip

replacements. Orthopedics 14:495–497, 1991.

48. L Sanzén, AS Carlsson. The diagnostic value of c-reactive protein in infected total

hip arthroplasties. J Bone Joint Surg 71B:638–641, 1989.
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Periprosthetic Total Knee
Infection

Edward J. McPherson
Keck School of Medicine, University of Southern California,
Los Angeles, California, U.S.A.

I. INTRODUCTION

The treatment of the infected total knee represents one of the most challenging

problems encountered in adult reconstructive surgery. Treating patients with

periprosthetic knee infection is often an intense, but rewarding, experience. After

successful treatment, patients, aware that their leg could have been amputated, are

grateful for salvage.

The treatment of prosthetic knee infection requires an understanding of

several key elements: the infection process itself, the host in which the infectious

organism lives, and the treatment modalities to combat the problem. This

overview is written with the experience of treating over 350 periprosthetic

infections. This chapter reviews what are considered the primary elements in

treating periprosthetic knee infections. Research over the last 10 years has given

us an updated paradigm in evaluating and treating prosthetic knee infections. The

main concepts of the paradigm are the following:

1. A staging system for prosthetic joint infection that can help direct

treatment

2. An understanding of the bacterial ‘‘biofilm state’’ to allow development

and employment of logical treatment regimens

3. Treatment regimens that focus more on the host (i.e., patient) than the

infecting organism

4. The use of radical wound débridement techniques, including medullary

canal débridement
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5. Judicious use of muscle flaps for compromised wounds of the soft

tissue envelope

6. Dead space management with high-dose antibiotic–loaded acrylic

spacers

II. EPIDEMIOLOGICAL CHARACTERISTICS AND
ECONOMIC IMPACT

The incidence of periprosthetic knee infection is variable but is generally low.

However, the clinical and economic impact of treating these infections is great. At

large medical centers where there are dedicated surgical joint replacement teams

and uniform postsurgical care services, the incidence of periprosthetic knee

infection is reported to be between 0.5% and 2% (1–8). In community-based

hospitals or centers where there are no dedicated joint arthroplasty services, the

incidence of periprosthetic infection may be higher; the incidence of peripros-

thetic knee infection can be as high as 5%. Periprosthetic infection rates are

higher for revision knee surgery than for primary knee replacement surgery

(1,4,6–9).

In the year 2000, 525,000 primary knee replacements were performed

worldwide. Three hundred thirty-five thousand primary total knee replacements

were performed in the United States alone (10). At the author’s center, the average

cost of treating a chronic periprosthetic knee infection is $75,000. Translating this

to the U.S. population, the estimated annual impact of periprosthetic knee

infection is approximately $450 million to 500 million.

III. CLASSIFICATION

In centers where a large number of periprosthetic knee infections are seen, most

surgeons would agree that infection about the knee presents with varying levels, or

degrees, of infection. Among treating physicians, there is the empirical determi-

nation that there are some infections that ‘‘look curable,’’ whereas there are other

infections that ‘‘should be amputated.’’ Although there are presently some guide-

lines for the appropriate treatment of patients with acute and chronic prosthetic

knee infections, there is little common ground in terms of appropriate patient

selection for various treatment modalities. For all of the treatment options that

have been proposed for periprosthetic knee infection, there has been no common

grading of the patient’s medical status or the status of the patient’s local wound.

Systemic factors that regulate the host immune system play a critical role in

the patient’s ability to combat an infection. Treatment regimens, logically, should

be modified on the basis of the patient’s inherent ability to combat the infection.
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In addition, the ability to fight a prosthetic joint infection at the local site

emphasizes the importance of local tissue health. Competent local soft tissues

provide a vascular supply to deliver oxygen and immune cells to the area of

infection. In addition, a healthy soft tissue envelope protects the infected joint

from further environmental exposure. Alternatively, if the local soft tissues are

compromised, an infection may linger.

A staging system for evaluating prosthetic joint infections has been

developed at the author’s institution. It is a system that incorporates the acuteness

of the infection, the overall immune=medical status of the patient, and the local

factors at the site of infection that may alter treatment. The staging system was

developed and studied over a 5-year period with more than 220 prosthetic joint

infections (4,11–14). The staging system is currently being modified in colla-

boration with members of the Musculoskeletal Infection Society (MSIS), who

will soon be adopting the staging system. It will then be used to compare

treatments among surgeons and will allow more uniform selection of patients for

multicenter trials.

The staging system for prosthetic joint infection incorporates three major

categories to describe the infection and the patient, objectively in a progressive

system indicating worsening severity. The staging system is outlined in Tables 1

and 2. The three main categories are infection type, systemic host grade, and local

extremity grade. The infection type describes the acuteness of the infection.

Infections are basically divided into acute infections (<3 weeks duration) or

chronic infections (>3 weeks duration). The systemic host grade describes the

ability of the patient to combat the infection. The objective factors defining this

category focus on the competency of the patient’s immune system or related

medical factors that support proper functioning of the immune system. Finally,

the local extremity grade rates the extent of soft-tissue damage in the area around

the affected joint. Objective factors in this category take into consideration local

factors that would impair local wound healing. The staging system incorporates

all three categories in the following fashion: stage equals infection type plus

systemic host grade plus local extremity grade. Examples of the nomenclature

include I-A-1, II-B-2, or III-C-1.

This staging system for prosthetic joint infection has proved effective when

examining outcomes. In a large series of 70 periprosthetic knee infections at the

author’s institution, many outcome parameters correlated with worsening medical

grade and local wound grade (13). Recurrent infection and permanent knee

resection were associated with a worsening medical host grade. Amputation was

closely related to a worsening local wound grade. Complications in treatment were

directly related to worsening medical host grade and worsening local wound grade.

With future studies that enroll a larger number of patients in multicenter trials, we

will eventually be able to identify and recommend targeted treatment modalities

for specific levels of medical compromise and local wound compromise.
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IV. CLINICAL PRESENTATION AND DIAGNOSIS

The clinical presentation of periprosthetic knee infection differs in an acute

infection and a chronic infection. For an acute infection (early postoperative or

acute hematogenous infection), the main presenting symptoms are acute progres-

sive pain, swelling, stiffness, and developing redness. Typically, the patient

clinically feels fine, but over a short period of 6 to 12 hours, the knee becomes

progressively symptomatic. If the infection is aggressive, the patient shortly

thereafter becomes systemically ill with malaise, fever, and chills. The clinical

signs of an acute periprosthetic knee infection include the abrupt onset of an

antalgic gait, increasing knee warmth, and progressively limited knee range. The

Table 1 Proposed Staging Systema for Periprosthetic Joint Infection Musculoskeletal

Infection Society

Category Grading Description

Infection type I Early postoperative infection (<4 weeks’ post

operative)

II Hematogenous infection (<4 weeks’ duration)

III Late chronic infection (>4 weeks’ duration)

Systemic host grade A Uncompromised (no compromising factors)

(medical=immune status) B Compromised (one or two compromising factors)

C Significant compromise (more than two

compromising factors) or one of the following:

Absolute neutrophil count <1000

CD4 T cell count <100

Intravenous drug abuse

Chronic active infection at other site

Dysplasia=neoplasm of immune system (e.g.,

myelodysplasia, CLL)

Local extremity grade 1 Uncompromised (no compromising factors)

2 Compromised (one or two compromising factors)

3 Significant compromise (>two compromising

factors) or one of the following:

Soft tissue loss requiring muscle transposition

or free flap transfer

Bone loss requiring structural allograft or

substituting megaprosthesis

Local wound irradiation � 4000 rads

a Stage, infection type þ systemic host grade þ local extremity grade (e.g., I-A-1, III-B-2). CLL.

Source: Ref. 36.
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knee shows global erythema and the skin later becomes hot and shiny. A large

effusion is typical. Attempts at passive range of motion testing frequently cause

an intense pain response. The knee is usually kept in a flexed position of 20 to 30

degrees, and patients do not allow the knee to flex more than 80 to 90 degrees. An

arthrocentesis of the joint typically shows turbid yellow fluid or frank pus.

The diagnosis of an acute periprosthetic knee infection is best achieved by a

comprehensive medical history and physical exam. Serum blood tests should

include complete blood count with differential, Westergren sedimentation rate,

and C-reactive protein. The serum white blood cell count and Westergren

sedimentation rate can be normal during early infection presentation, but the

C-reactive protein is always elevated. An arthrocentesis of the knee is mandatory

whenever there is a suspicion of infection. An elevated white blood cell count

above 10,000 with a differential showing predominantly acute inflammatory cells

Table 2 Proposed Staging System for Periprosthetic Joint Infection Compromising

Factorsa

Systemic host (medical=immune)

Age �80
Alcoholism

Chronic active dermatitis=cellulitis
Chronic indwelling catheter

Chronic malnutrition (albumin <3.0 g=dL)
Current nicotine use (inhalational or oral)

Diabetes (requiring oral agents and=or insulin)
Hepatic insufficiency (cirrhosis)

Immunosuppressive drugs (e.g., methotrexate, prednisone, cyclosporin)

Malignancy (history or active)

Renal failure requiring dialysis

Systemic inflammatory disease (e.g., RA, SLE)

Systemic immune compromise from infection or disease (e.g., HIV, acquired

immunodeficiency)

Local extremity grade (wound)

Infection of a revision arthroplasty

Recurrent infection after joint débridement with prosthesis retention

Recurrent infection after prosthetic exchange protocol

Recurrent open foot sores (neuropathic or structural)

Multiple incisions (creation of skin bridges)

Sinus tract

Vascular insufficiency to extremity: absent extremity pulses, calcific arterial disease,

venous insufficiency with skin plaques or intermittent sores

SLE, systemic lupus erythematosus; HIV, human immunodeficiency virus; ABG, arterial blood

gas; RA, rheumatoid arthritis.
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indicates a high likelihood of infection. With an acute infection there rarely is the

need for radioisotope studies. Additionally, if the clinical presentation and other

test results are abnormal, the surgeon should never wait for culture results from

the knee aspiration to proceed with surgical débridement. The decision for

surgery should be made clinically.

In contrast, a chronic periprosthetic infection has a slower presentation. The

patient who has a developing chronic prosthetic knee infection usually describes a

short pain-free interval after the knee arthroplasty. Usually, the patient makes

consistent progress in physical therapy and postoperative pain has subsided.

However, during the third or fourth month after surgery, the patient begins to

complain of pain in the knee and starts to limp. The pain slowly progresses in

intensity and frequency. The patient then begins to lose range of motion. The

knee starts to feel warm but is not hot. As the infection progresses, the sentinel

signs of rest pain and night pain, which may require narcotics, develop. The knee

usually does not show much erythema, but the soft tissues feel indurated and

tight. Passive range of motion by the examiner elicits pain throughout the range,

but the pain is worse at the ends of the range. Later, as more swelling develops,

the knee shows a developing boil, which later turns into a draining sinus. An

arthrocentesis result is usually unimpressive, revealing yellow, slightly cloudy to

cloudy fluid. The string sign finding is negative.

The diagnosis of a chronic periprosthetic knee infection may be straightfor-

ward or more difficult. If a patient shows a developing boil or draining sinus

around the knee, the diagnostic work-up is complete. However, this type of

presentation does not always occur. Frequently, the patient has a painful knee with

mild to moderate swelling. As in an acute infection, a comprehensive medical

history and physical examination are most important. Increasing pain and gradual

loss of knee range raise suspicion of infection. Diagnostic tests should include a

complete blood count with differential, Westergren sedimentation rate, and C-

reactive protein. With chronic periprosthetic knee infections, the C-reactive

protein is almost always positive. The only circumstance in which a C-reactive

protein result may be negative occurs when the patient is taking intravenous or

oral antibiotics. In a chronic periprosthetic knee infection, it is not unusual to

have a normal serum white blood cell (WBC) result. In addition, patients who are

malnourished or are anemic may have a normal Westergren sedimentation rate

(WSR). Knee arthrocentesis rarely shows frank pus. Usually, the fluid is yellow or

amber and is slightly cloudy. Cultures of the knee fluid can yield negative

findings in a low-grade infection. Since surgery for a chronic periprosthetic knee

infection is not an emergency, there is time for radioisotope scanning if the

physician is not certain of the diagnosis. A 24-hour indiumIII-labeled white cell

study is the most useful test. A triple-phase technetium 99m Tc-MDP bone scan

has a positive result in infection but does not differentiate among mechanical

loosening, osteolysis, and infection. In contrast, an indium scan with labeled
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white cells primarily has a positive result only in areas of infection. Rarely, an

indium scan yields a positive finding in an area of recent bleeding.

V. PATHOGENESIS

A. Bacteria Biofilm

A major defining element in the treatment of periprosthetic knee infection is

learning a thoroughly different paradigm of bacterial interaction with the human

host in chronic disease. This requires an understanding of bacterial biofilms.

Bacterial biofilms are produced by bacteria and can form on foreign objects

implanted within the body. Just as important, biofilms can also form on any

devitalized native tissue. The archetypal model for this is cystic fibrosis

pneumonia whereby the biofilm from Pseudomonas aeruginosa forms on

devitalized lung parenchyma, perpetuating an everlasting disease state. Although

the model of germ theory of disease was validated in the late 19th century by

Robert Koch, it has only been in the last decade that the biofilm model has really

been introduced and understood.

A summary of the salient issues of bacterial biofilms as they relate to the

clinical treatment of prosthetic joint infection can be helpful. A bacterial biofilm

comprises bacterial cells and an extracellular matrix made of a polysaccharide

coating. The extracellular matrix holds the bacterial cells together, forming a

microcolony, which in its mature form has a defined structure (Fig. 1) (5,16,17).

Figure 1 Diagram of mature biofilm state. The biofilm forms a base layer from which

outer growths occur. The outer layer can form streamers of biofilm that can break off to

infect other nearby areas or enter the blood system to seed distant sites hematogenously.
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The volume of the microcolony filled by bacterial cells is approximately 30% or

less. The rest of the microcolony is filled by the extracellular matrix, or slime

layer, and periodic holes or ‘‘channels’’ for nutrient flow. In the mature form, a

complete microecology exists. The outer cells of the biofilm are more metabo-

lically active and allow more rapid cell division because of their greater access to

nutrient channels. In contrast, the inner areas may essentially be in a metabolic

dormant state, subject to low oxygen tensions (16). Not infrequently, different

bacterial species (with different biofilm consistencies) may coexist in a symbiotic

relationship. Cells within the biofilm can communicate. Bacteria communicate

via signaling molecules, which have been found to be lactone derivatives (16).

When bacteria attach to a medical implant (or to devitalized tissue), a biofilm

does not form unless there is a specific ‘‘quorum’’ of cells present. This is

communicated via quorum sensing molecules (lactone derivatives). However,

once a quorum of cells is present, a biofilm can be formed within hours. The

clinical relevance of bacterial biofilms in the treatment of periprosthetic knee

infection is summarized as follows:

1. Almost all bacteria are capable of forming a biofilm. Those bacteria

implicated most often with chronic infection in medical devices all

form biofilms.

2. Once in a bacteria biofilm state, bacterial cells become up to 1000

times more resistant to antibiotic therapy. Bacterial cells in the

biofilm state turn on and express numerous genes that make them

more resistant to antibiotics. There are multiple defences used. The

traditional method of quantifying bacterial killing concentrations for

antibiotics describes killing doses for cells in their individualized

form (planktonized cells). Clinically, administrating bacterial killing

concentrations does not affect bacteria in a biofilm state. Only cells

floating in their individual planktonized state are killed. This is

why antibiotics alone are insufficient for treating chronic peripros-

thetic knee infection. In the future, a more apt description for

antibiotic therapy may be ‘‘biofilm killing levels,’’ once chemother-

apeutic agents capable of killing cells in the biofilm state are

found.

3. The biofilm is very resistant to the cellular and humeral immune

system. Antibodies can attack and destroy localized areas of the

biofilm. However, the area of attack is limited to the outer boundaries,

so the inner core of cells is protected. The same is true of cellular

immune response. Actually, immune attack of the biofilm, paradoxi-

cally, can be detrimental. Localized attack can break bacteria into

individual cells, allowing them to spread systemically or to adjacent

local regions.
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4. Currently, there are no germ-fighting cleansers that can dissolve a

biofilm safely without sustaining acceptable damage to surrounding

host tissue. Even chlorine bleach in its full strength has difficulty

penetrating the deepest layers of certain biofilms (bleach at this

strength could never be used clinically). Furthermore, the biofilm

cannot be effectively removed completely with mechanical scrubbing.

Research is currently under way to find agents that can signal a biofilm

to dissolve. This research involves agents that mimic signaling mole-

cules of the biofilm or agents that block them.

In conclusion, if a periprosthetic knee infection has attained a chronic state

whereby a biofilm has enveloped the knee prosthesis (and adjacent devitalized

tissue), the only way to treat the infection effectively is surgical extirpation of the

implant and all devitalized tissue. Radical débridement of adjacent soft tissue and

bone is emphasized, as biofilms can persist on these tissues as well. Sometimes,

this can mean loss of vital support structures, including ligaments and cortical

bone. However, this is a more favorable choice than having a recurrent infection

after reimplanation. As a corollary, an acute infection, defined now as any

infection that has not formed a biofilm, should be treated aggressively, without

delay. Acute prosthetic knee infection should be categorized as an acute

orthopedic emergency.

VI. TREATMENT

Treatment of periprosthetic knee infection takes into account the factors involved

in infection staging, along with an understanding of the bacterial biofilm state.

The treatment algorithms for periprosthetic knee infection are shown in Fig. 2.

The determination as to whether the knee infection has developed into a chronic

biofilm state directs the initial treatment. In a chronic periprosthetic knee

infection, resection arthroplasty is the initial treatment unless the patient is too

medically ill or the knee is too damaged, when an amputation is advocated. On

the other hand, with an acute infection, there is potential for implant salvage.

Initial treatment is focused on a radical débridement of the knee with retention of

implant components. It must be emphasized that treatment of periprosthetic knee

infection, whether classified as acute or chronic, is surgical. Systemic antibiotic

therapy is a supplement to surgical treatment and is not considered an alternative

to surgery. The only real exception to this edict is the rare case when chronic oral

antibiotic suppression is chosen. This is discussed at the end of this section.

For an acute periprosthetic knee infection, radical débridement and lavage

of the knee are needed. This is discussed further in Section VI. Intravenous

antibiotics are tailored toward the infecting bacteria and their sensitivities.

Intravenous antibiotics are administered for 6 weeks. After this period, the patient
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is monitored with serial laboratory tests, measuring the Westergren sedimentation

rate and C-reactive protein at 3 and 6 months after surgery. If the lab results

remain normal, the infection is likely eradicated. If the results show progressive

elevation, then the infection has not been eradicated and is now considered

chronic. Any clinical sign of recurrent infection means the knee infection should

then be treated as a chronic periprosthetic knee infection.

For treatment of chronic periprosthetic knee infection, algorithms are

modified according to the severity of medical compromise and local wound

damage. If knee salvage is the goal, then resection arthroplasty is the initial

treatment. Primary amputation is strongly considered for grade C medical host or

a grade 3 local knee wound. After resection arthroplasty, intravenous antibiotics

are administered.

The duration of antibiotic chemotherapy and total prosthetic explanation

time for periprosthetic knee infection are not exactly defined. The duration of

antibiotic therapy in most centers ranges from 2 to 8 weeks (4 to 6 weeks is most

common). The preferred duration of antibiotic therapy is 6 weeks. This allows the

soft tissues adequate time to heal and edema to abate. However, most experts

agree that a period off antibiotics (10–14 days) is important to determine whether

the knee will flare again with infection. After completing this rest period off

antibiotics, the knee is tested to determine whether the infection has been

controlled. Evaluation should include knee fluid for cell count and differential,

knee fluid for culture studies, serum quantitative C-reactive protein, and

Westergren sedimentation rate. Reimplantation is predicated on having sterile

aspiration culture findings, a normal cell count analysis result, and normal serum

laboratory findings. If the initial evaluation is indeterminate (i.e., persistently

elevated serum levels or false-positive culture result), the studies are repeated in 2

to 3 weeks. If the study results are worse and=or culture findings remain positive,

another débridement procedure is required. If the study results are again

indeterminate or there is no established trend, an indiumIII–labeled WBC test

should be ordered. If the result is negative, reconstruction can begin. However, if

the result is positive in the knee area, another débridement procedure is indicated.

There are exceptions to having a normal C-reactive protein and Westergren

sedimentation rate. These lab findings may be persistently elevated in patients

with inflammatory arthritis or other inflammatory conditions. Also, in some cases

with articulated antibiotic-loaded cement spacers, excessive wear of the articu-

lated spacer can elicit a reactive methylmethacrylate synovitis. In the author’s

experience, a cement particulate debris synovitis can independently elevate the C-

reactive protein. In this scenario, a second aspiration should be done to confirm

an aseptic joint. Concomitantly, the patient should be instructed to minimize

excessive wear to the cement spacer to show that the C-reactive protein is

declining on follow-up testing. IndiumIII–labeled white blood cell testing in this

scenario can be deceiving. The cement debris synovitis can elicit an acute
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inflammatory response, which can cause a false-positive indium test result.

Patients with articulating antibiotic-loaded cement spacers should be advised

not to bend their knees excessively (even if they feel well), except for brief

exercise periods.

If infection recurs during the treatment period, repeat débridement is

performed and intravenous antibiotics are reinstituted. If the infection cannot

be successfully eradicated after several attempts of surgical débridement, then one

should reassess treatment options. Failure after aggressive débridements usually

means the medical host status is too weak to treat the infection. If this is the case,

then one should consider amputating the knee or leaving it permanently resected.

Distinguishing acute infection from chronic infection is sometimes very

difficult. At this point, there is no specific test that can be performed to detect a

biofilm state. Medical judgment incorporating a comprehensive history and

physical examination, combined with other diagnostic tests, is best. Most experts

would agree that 3 to 4 weeks of clinical infection, likely indicates chronic

infection. Some experts would consider an even shorter period such as 7 to 14

days. As a rule, however, any documented infection of more than 3 weeks in

duration can be considered chronic. If there is discrepancy in the medical history,

it is best to err toward identifying the infection as acute and treat it as such. The

morbidity caused by declaring an acute infection as chronic is great. It implies

that prosthetic implants must be removed—a formidable challenge when implant

components are well fixed. Conversely, declaring a chronic infection as acute

implies that the implants are to be retained. If this initial treatment algorithm fails,

then there has not been excessive loss. The patient will have been subjected to

one additional surgical débridement, but for the most part, salvage from the

infection is still possible.

Determining how long an infection has actually been present is also

difficult. Patients may not be able to give accurate histories defining when the

knee actually became painful and swollen. Also, with acute infections in the

postoperative period, it is hard to distinguish between postsurgical pain and pain

from infection. Usually, postsurgical pain is declining in intensity and frequency,

whereas patients with an acute infection experience rather rapid and progressive

pain. In addition, the increased pain is accompanied by more swelling, erythema,

and warmth. This is the condition in which diagnostic arthrocentesis is most

valuable. If there is any doubt whatsoever that an infection may be present, an

arthrocentesis is mandatory.

Finally, chronic oral antibiotic suppression is a possible treatment option in

limited circumstances, when certain criteria are met. It should be understood that

chronic oral suppression should be a decision made by the surgeon in the best

interests of the patient. It should not be a treatment option solely because the job

of surgical treatment is too daunting or adequate ancillary care is not available to

the surgeon. If this is the case, then referral to a tertiary center is advisable.
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Employing a trial of chronic oral suppression to ‘‘buy some time’’ or ‘‘see

whether conditions settle down’’ does nothing except create further soft tissue

destruction and bone destruction. If salvage of the infected total knee is the goal,

then chronic oral suppression is not an option. Of course, there are always going

to be exemplary cases in which delay in treatment is required, but the concept of

early and aggressive surgical management should not change.

Patients considered for chronic oral suppression fit into limited groups:

patients with a limited projected life span for whom the infection is not causing

significant pain and suffering and those to whom a two-stage protocol for chronic

infection would likely cause further harm.

Patients who have a limited life span are those who suffer from terminal

cancer or are very elderly (although many salvage procedures have been

performed on patients above 90 years old). These patients would rather spend

their remaining days with family and friends than in a hospital setting. Other

patients may be so medically ill with other disease processes (e.g., heart failure,

severe chronic obstructive pulmonary disease) that the risks of surgery are greater

than the expected benefits.

There are several criteria that must be met for chronic oral suppressive

treatment. First, the antibiotic chosen has to have documented specificity to the

infecting organism. With the understanding that a biofilm will never be cured with

antibiotics alone, chronic suppression mitigates the localized inflammatory

response by planktonized cells. This allows, ideally, a ‘‘peaceful coexistence’’

between host and bacteria. Clinical experience at the author’s institution suggests

that chronic antibiotic suppression, more often than not, fails in less than 1 year. At

that point, the infection process with its continued slowly smoldering course causes

mechanical loosening, pain, and disability. The result is that surgical débridement

or amputation is required. However, there are a few cases in which chronic

suppression has worked long term and patients remain relatively comfortable.

The second criterion is that the patient, during the course of treatment of

chronic suppression, remains comfortable and is not allowed to become systemi-

cally ill as a result of disseminated infection. If pain increases in the local area, it

indicates failure of treatment, and alternative options should be explored.

Similarly, if a patient becomes systemically toxic, chronic suppressive therapy

should be discontinued.

VI. SURGICAL DÉBRIDEMENT OF THE INFECTED TOTAL
KNEE

The approach to débridement of the infected knee is analogous to resection of a

tumor: that is, all abnormal areas must be resected to effect a cure. In the case of

infection, all soft tissue and bony areas that look infected must be resected. If they
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are not, in areas where nonviable tissue persists, bacteria in the biofilm state will

continue to live and multiply. From a knee function standpoint, this is a hard

concept to accept. Débridement of vital ligaments, tendons, and bone can require

drastic salvage techniques to restore knee function. However, by not emphatically

following this principle, the surgeon encounters recurrent infection. In the

compromised host, recurrent infection often leads to amputation.

In the case of acute periprosthetic knee infection, in which prosthetic

components are to be maintained, débridement principles include the following:

(1) an extensile incision for complete exposure of the knee, (2) synovectomy of

inflamed synovium to debulk bacterial load, (3) complete circumferential expo-

sure and débridement of prosthetic-bone interfaces, (4) exchange of modular

polyethylene parts, and (5) copious lavage (minimum of 9 L) employing a

mechanical irrigating device.

An extensile approach allows inspection of all areas of the knee. Abscess

pockets may be missed by so-called miniarthrotomies and even by moderately

sized arthrotomies. Arthroscopic lavage techniques are to be avoided, as they do

not allow for adequate débridement of the knee. A radical débridement of

synovium and other infected tissue is paramount. A debulking of bacterial load

to the greatest extent possible reduces the chance that residual bacteria will grow

to develop a biofilm.

It is important to débride the prosthetic bone interface circumferentially.

This interface is the area where the infection will attack and grow into the

inaccessible regions between prosthesis and bone. Exposing this interface for the

lavage process is key. Débridement of this interface can be complicated when

implants have been in place a long time and there is osteolysis. In this situation,

débridement may destabilize remaining fixation, but failure to débride the region

risks recurrence of infection. Débridement of prosthetic bone interfaces takes

precedence. If the implant becomes loose, then one should proceed with a two-

stage protocol. Patients who have implants that radiographically show significant

osteolysis should be apprised preoperatively of the possibility of implant resec-

tion. Exchange of modular polyethylene parts should be performed when

possible. Between the modular interfaces there is always a thin fibrin layer

where bacteria can persist. If not opened, this area may not be adequately flushed

with the lavage process. Finally, after mechanical débridement, the entire knee

must be lavaged copiously. Irrigation with pulsatile mechanical irrigation pene-

trates all surfaces to flush all suppurative material. A minimum of 9 L is preferred.

However, the lavage process should continue until all areas look clean. This may

require 18 to 21 L of irrigation solution in some cases. Within the irrigation, triple

antibiotics are used. In each 3 L bag of saline irrigation solution, 100,000 units of

bacitracin, 1 million units of polymixin, and 80mg of gentamycin are added.

Débridement of the chronically infected knee must be approached with a

‘‘no prisoners’’ approach. That is, all dysvascular=necrotic areas must be
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(a)

(b)

Figure 3 Intraoperative photographs showing the use of an ultrasonically driven tool

blade to remove a well-fixed knee implant. (a) Photograph showing dissection of

ultrasonically driven tool blade between porous ingrowth femoral component and host

bone. (b) Photograph showing broken tool blade in bone. This demonstrates ability of

ultrasonically driven blade to dissect into bone easily.

Periprosthetic Total Knee Infection 307



surgically extirpated to effect a cure. For chronic infections, a complete radical

débridement is required. This includes resection of all implant components,

removal of all other remaining foreign material, and opening of the medullary

canals of the femur and tibia for débridement and lavage.

The surgical exposure must be extensile to allow broad visual inspection. In

the tibia area, the incision should be curved toward the medial ankle, in case a

medial gastrocnemius flap is required at a later time. All draining sinus tracts are

surgically ellipsed all the way down into the joint. If the sinus tracts pass through

vital ligaments, these areas must unfortunately be thoroughly débrided, even if

this means loss of structural integrity. A radical synovectomy, including the

posterior knee, is always required. Posterior synovial débridement is best

achieved with the knee at 90 degrees of flexion after prosthetic components

have been resected. Lamina spreaders are placed between the femur and tibia to

allow full exposure of the posterior recesses.

Resection of prosthetic components first requires exposure of the prosthe-

sis-bone interface. Complete circumferential exposure is needed. Specialized

prosthetic removal instruments should be available to minimize bone loss and

facilitate removal. Presently, there are prosthetic removal instrument sets designed

for this purpose. The use of ultrasonically driven tool blades (Ultradrive Device,

Biomet, Inc., Warsaw, IN) is recommended. These ultrasonically driven tool

blades can be used to disrupt cement-bone interfaces easily. In addition, these

tools can disrupt well-fixed porous ingrowth knee devices with equal ease (Fig.

3). These tools have significantly reduced operative time for component removal

and lessen the amount of bone loss during prosthetic removal. Large extraction

devices (e.g., slap hammers) should not be used, as they tend to remove excessive

bone during mechanical disruption of prosthetic parts. Rather, sequential disrup-

tion of prosthetic interfaces along with axial disimpaction along the periphery

allows a more controlled removal of parts.

After component removal, all bony areas are inspected to identify any

remaining foreign debris (i.e., cement, metal, sutures, wires, or screws) and

devitalized tissue (including allografts). Recurrent infection is often associated

with retained cement or retained metallic pieces. These pieces can harbor bacteria

in a biofilm state. All allograft material that is not alive must be removed. A test to

determine bone viability is the ‘‘paprika sign.’’ With a small osteotome, the

allograft bone surface is chiseled. Punctate bleeding from bone indicates living,

viable bone. If the bone does not bleed, it is dead and should be removed.

Remember also that bone substitute materials that fill cavitary bone voids are

nonviable materials that must be removed. Similarly, particulate allograft material

if dead must be removed. Particulate allograft material that has not incorporated is

usually easily removed with a curette. Viable allograft pieces are incorporated to

the host bone and usually stay in place with curettage.
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An important aspect of successful knee débridement is the opening of the

medullary canals; this cannot be emphasized enough. Studies in 1999 clearly

demonstrated the presence of bacteria in adjacent medullary canals in chronic

infections (18). Canals must be opened widely, scraped of fibrous tissue, brushed,

and lavaged. Power reaming should be avoided because this process causes

endosteal necrosis, which can allow bacteria to adhere and thereby perpetuate the

infection.

VII. DEAD SPACE MANAGEMENT

A. Historical Perspective of Acrylic Spacers and the Use of
Muscle Flaps

In the last decade, management for periprosthetic knee infection has evolved

significantly with the use of interpositional cement spacers and muscle flap

transfers. Historically, chronic periprosthetic knee infection, if not amputated, was

treated with resection arthroplasty without using concomitant acrylic (methyl-

methacrylate) antibiotic spacers (12,19). The reason cited was that methylmetha-

crylate would serve as a foreign body surface where bacteria would linger. Early

studies concluded that the most likely sources of recurrent infection in peripros-

thetic knee infection were inadequate débridement and retained foreign debris. In

addition, early studies of antibiotic elution from polymethylmethacrylate

(PMMA) indicated a rapid elution of antibiotics. This meant that these spacers

served more as foreign bodies and were more likely to cause harm than good. As

a result, resected knees were left without spacers and the joint tissues contracted.

Once this occurred, restoration of normal joint function with reimplantation was

nearly impossible. An alternative treatment modality using the medial gastro-

cnemius rotational flap evolved. The medial gastrocnemius flap could be used

either as an interpositioned spacer at resection or later at the time of reimplanta-

tion to cover deficient soft tissue areas that were stretched out during the

reimplantation. These techniques, although successful, still did not restore soft

tissue pliability and were not associated with the best functional results (12). The

contracted=scarred soft tissue envelope never really could achieve its previous

pliability and restore good functional knee range.

The major change in the use of acrylic antibiotic-loaded interpositional

spacers in periprosthetic knee infection has been the use of high-dose multiple

antibiotics. Bench studies have confirmed effective antibiotic elutions for as long

as 6 to 8 weeks with high-dose antibiotic regimens. This turns the acrylic cement

spacer into a useful treatment tool. If the dead space in the knee can be treated at

initial resection with an antibiotic-loaded acrylic cement (ALAC) spacer, soft

tissues around the knee can be maintained at appropriate tension. This may
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obviate the need of a rotational muscle flap. The muscle flap instead can be

reserved for use at the reimplantation, if needed.

B. Current Use of Muscle Flap Transfer in Periprosthetic
Knee Infection

Muscle flap coverage for periprosthetic knee infection is a valuable treatment

method when required. Muscle flap transfer can be used in several applications.

These applications are summarized in Table 3. The transferred muscle serves

several valuable purposes. The main reason for a muscle flap transfer in

periprosthetic knee infection is that the muscle covers and protects an attenuated

or deficient soft tissue envelope. With infected knee wounds, excessively tight

closures almost always open and drain, leading to more misery and surgery. A

wound left open to fill by secondary intention can become reinfected with other

bacteria. Instead, a muscle transfer introduces healthy tissue with a rich vascular

supply into the wound. This promotes wound healing and allows the remaining soft

tissue envelope to be repaired in its more natural relaxed position (12,13,19–23).

Table 4 Muscle Flap Options for Periprosthetic Knee Infection

Sources Commentsa

Medial gastrocnemius rotation Most common; long excursion, can add

half of Achilles tendon to reconstruct

deficient patellar tendon; attention to

location of MCL during harvest and

prevention of cutting of MCL required

Lateral gastrocnemius rotation Muscle usually small; limited excursion;

reserved for lateral knee soft tissue

deficits only; peroneal nerve at risk

during dissection

Rectus abdominus myocutaneous free flap Proximal anastomosis preferred; better

predictable flow; use of saphenous vein

AV loop tied into groin; if good distal

circulation, can tie into tibial artery;

cutaneous portion of flap can use to

obviate need for large STSG

Latissimus dorsi free flap Same recommendations for proximal tie-in;

only muscle able to be harvested, tends

to be wider than rectus and have shorter

excursion; best for wide anterior soft

tissue deficits

aMCL, Medial Collateral ligament. AV, Arterial-venous. STSG, split thickness skin graft.
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The other benefit of muscle flap transfer is its ability to deliver antibiotics to

the compromised area of infection (12,19,22,23). When the muscle flap transfer

is applied as an interpositional spacer or as covering of a wound at the time of

prosthetic resection, the rich vascular supply of the muscle allows delivery of

antibiotics to a relatively hypovascular area. This is especially pertinent to the

knee wound with multiple incisions, where the relative lack of blood supply to the

wound limits the effective antibiotic delivery to the area. The muscle flap, once

placed on (or into) the damaged area, attaches and heals to its surrounding area. A

vascular neogenesis occurs at this interface (19,20,23). Over time, the damaged

tissues become better perfused and, thus, healthier. After muscle flap transfer, the

knee wound looks healthier over time and the soft tissue envelope becomes more

supple.

There are multiple muscle flap transfers that can be used for the knee. The

major muscle transfers commonly used in periprosthetic knee infection are listed

in Table 4. Muscle flap transfers are grouped as rotational muscle flap transfers or

free muscle flap transfers. In a free muscle transfer, the vascular pedicle to the

muscle is cut and reanastamosed microsurgically near the knee region.

The medial gastrocnemius rotational flap is considered the main workhorse

for muscle flap transfer around the knee. The medial gastrocnemius muscle is

relatively ‘‘hearty’’ and can be rotated at 90-degree angles (Fig. 4). It is much

larger than the lateral gastrocnemius flap. The medial gastrocnemius muscle is

Figure 4 Intraoperative photograph of medial gastrocnemius rotational flap, used during

the closure of a knee with a resection arthroplasty. The knee has an acrylic antibiotic-

loaded cement spacer in place. This shows the significant excursion that can be obtained by

this muscle if properly harvested.

312 McPherson



used to cover medial and anterior soft tissue deficits. If the muscle is well

developed, it can even be used to fill anterolateral deficiencies.

When using a medial gastrocnemius flap, the soft tissue incision heals

better when the incision is curved gently toward the medial malleolus, rather than

making a sharp right angle incision to the posterior midline. The entire muscle

should be harvested every time, as it is not unusual to underestimate the amount

of muscle needed to rotate across the front of the knee. Dissection of the muscle

all the way into the popliteal fossa enhances proximal mobilization and rotation.

Be careful not to cut the medial colateral ligament during the gastrocnemius

harvest. The medial colateral ligament can only be cut when a constrained hinged

knee prosthesis is used. Sometimes cutting the medial colateral ligament is

required to gain the needed muscle excursion to cover the required soft tissue

deficits.

The lateral gastrodnemius flap is reserved for pure lateral deficiencies. The

muscle is generally much smaller than the medial side. Furthermore, its excursion

is limited by the peroneal nerve. Pulling the muscle too tightly over the peroneal

nerve can result in permanent nerve injury.

A free muscle flap transfer is a difficult technical procedure. It should only

be used in salvage situations in which a medial gastrocnemius flap is inadequate

to cover the defect. An experienced microvascular surgeon is needed to transfer

this muscle. Free muscle transfer for periprosthetic knee infection has been used

at the author’s institution on 11 occasions. Some muscle flap transfers have failed.

Our experience suggests that the vascular reanastomosis be placed proximal to

the knee. Successful reanastomosis of a free flap transfer distal to the knee is less

predictable. Associated distal arterial occlusive disease seen in older patients can

make the reanastomosis difficult. Furthermore, arterial plaques can break off and

shower into the muscle pedicle, compromising the viability of the free flap. For

these reasons, all free muscle transfers are now reanastomosed proximal to the

knee. To take the tension off the vascular pedicle and allow earlier joint motion a

reverse saphenous vein loop that is tied into the proximal femoral vessels in the

thigh is often used. This assures generous vascular flow to the muscle pedicle.

C. Antibiotic-Loaded Acrylic Spacers

In the two-stage resection protocol for chronic periprosthetic knee infection, all

efforts should be made to fill the knee dead space (the large area of the joint

remaining after prosthetic removal) with an ALAC spacer. Rarely is a knee left

without some type of ALAC spacer. The type of ALAC spacer used is

controversial. The majority of surgeons working with periprosthetic infections

advocate only the use of antibiotic-loaded cement, as this provides consistent

long-term antibiotic delivery. The high doses of antibiotic within the cement

inhibit bacterial growth onto and within the spacer during the resection period.
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Some surgeons use sterilized prosthetic components that are placed back into the

knee and are loosely cemented with antibiotic-loaded cement (24,25). This

technique has been named a prostalic spacer. The disadvantage of a prostalic

implant is that the exposed metallic surfaces may serve as an adherent area for

remaining bacteria. These bacteria then can again form a biofilm, even in the

presence of the surrounding antibiotic-loaded cement. A hybrid technique

employs molding antibiotic-loaded cement, called an articulating ALAC spacer,

into femoral and tibial articulating components (Fig. 5) (26–29). This technique is

tedious and more technically demanding. However, if properly constructed, the

articulating ALAC spacer can function as well as the prostalic spacer (29).

For reasons of biofilm prevention and consistent antibiotic delivery, the use

of antibiotic-loaded cement only, for knee spacers is preferred. If there is adequate

bone stock and surrounding soft tissue support, the cement can be molded into

articulating components. If there is significant bone and=or soft tissue deficiency,
a nonarticulating spacer block and rod is used (Fig. 6) (30). In either construct,

antibiotic-loaded cement must be placed within the medullary canals to deliver

antibiotic to this ‘‘at risk’’ area where bacteria frequently persist. When using an

antibiotic spacer rod and block construct, a small metallic rod within the core of

cement can be used to form a cement-coated rod. This rod is placed within the

medullary canals of the femur and tibia; then the leg is distracted open.

Additional antibiotic-loaded cement is placed in between the femur and tibia to

form a block. The block of cement incorporates the rod, creating a stable

construct. This provides support and comfort. The cement block is built up

with enough cement anteriorly to keep the extensor mechanism stretched out and

prevent the gutters from contracting. With the articulating ALAC spacer, a long

leg brace is used. During ambulation, the brace is locked in extension and the

patient is instructed to use only touch-weight bearing on the leg. The brace is

unlocked three times daily for bending exercises up to 90 degrees. With the

ALAC spacer block and rod, the leg is casted or placed in a long leg brace. Again,

the patient is instructed to use only touch-weight bearing on the leg.

Antibiotic elution from ALAC spacers has been studied. Effective anti-

biotic elution from PMMA is dependent on several factors (31). These include the

type of cement used, porosity of cement (after antibiotics are added), surface area

of exposed cement, and antibiotic concentration. Studies comparing presently

used PMMA products show that Palacos bone cement has the overall best elution

properties (31). Additionally, Palacos is impregnated with chlorophyll to give it a

distinct light green coloration, which makes it easier to distinguish from bone

during removal.

There are several formulas for the amount of antibiotics placed into cement

(12,27,31). The antibiotics used must be heat-stable during the cement curing

process. Cement-antibiotic formulas currently used include the following:
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(a) (b)

(c)

Figure 5 AP radiograph (a) and lateral radiograph (b) demonstrating an articulating

ALAC spacer. Spacer components are molded by hand. They are made to resemble total

knee components. With postoperative bracing, these articulating spacers can achieve 90

degrees of flexion. (c) Intraoperative picture of the articulated ALAC spacer. AP,

anteroposterior; ALAC, antibiotic-loaded acrylic cement.
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Figure 6 (a) AP radiograph (b) and lateral radiograph of an ALAC spacer block and rod.

The metallic core is completely covered with antibiotic-loaded cement. It prevents the

spacer rod and block from breaking with bending loads. AP, anteroposterior; ALAC,

antibiotic-loaded acrylic cement.



Formula 1: 4 g vancomycin, 3.6 g tobramycin, 6 g cefoxitin

per 50 g bag of cement

Formula 2: 4 g vancomycin, 3.6 g tobramycin

per 50 g bag of cement

Formula 3: 2 g vancomycin, 2.4 g tobramycin

per 50 g bag of cement

The formula used most often by the author is Formula 1. The usual amount

of cement used for an ALAC spacer for the knee is 3 bags of cement. However,

large bony resections may require the use of up to six or seven bags. With the

high doses of antibiotics used in the cement, serum levels of vancomycin and

tobramycin are seen for up to 3 to 5 days. It is important that all medical staff

caring for the patient understand this effect. Dosage of intravenous vancomycin

and tobramycin must be carefully tailored during this period. In cases of impaired

renal function, Formula 3 is recommended. If the patient is dialysis-dependent,

the standard formula is used; then serum trough levels of vancomycin and

tobramycin are followed. Intravenous antibiotics are then tailored to the infecting

organism(s).

VIII. RECONSTRUCTION PRINCIPLES

The reconstruction principles for reimplantation total knee arthroplasty after

infection generally follow the same guidelines established for revision total knee

arthroplasty. The basic principles of reconstruction are, in order of use, the

following:

1. Reestablish a stable tibial platform. This re-creates the original joint

line. For large tibial deficiencies, the fibular head can be used as a

guide to determine the original joint line.

2. Reconstruct the femoral component. Metallic and=or bony augmenta-

tions may be required.

3. Adjust flexion and extension gaps of the knee with modularity of

femoral component design. The flexion gap can be adjusted by

changing the size of the femoral component. Posterior metallic

augmentations may be required to fill bone gaps. The extension gap

can be adjusted with distal femoral metallic augmentations.

4. Assess the level of constraint. Ligament deficiency may require more

progressive constraint built into the prosthetic system. The three levels

of constraint are unconstrained (posterior cruciate ligament retaining

and posterior stabilized) knee systems, constrained nonhinged knee

systems, and hinged rotating tibial platform knee systems.
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5. Assess extensor mechanism and balance. Resurfacing of the patella

requires a minimum 13mm thickness and adequate bone stock to hold

patellar pegs in place. Adjust the patellar mechanism to allow central

patellar tracking.

Reconstruction of the knee after resection arthroplasty for infection poses

some unique issues that differ from revision for aseptic loosening or mechanical

dysfunction. First, ligament deficiency is more commonly encountered with the

aggressive knee débridements required to eradicate infection. Constrained

implant designs, both nonhinged and hinged, should be readily available in

case less constrained options do not provide the stability needed. The use of

medullary stem support for both femoral and tibial components in all reconstruc-

tions is advocated. In most cases, metaphyseal bone about the knee is weak from

infection and prior débridement of well-fixed implants. Furthermore, mechanical

abrasion by ALAC spacers can weaken bone if patient compliance is poor (32).

Long medullary stems provide graduated load transfer from metaphysis to

diaphysis, which diminishes concentrated forces at the prosthesis-bone interface

about the knee joint.

Second, for segmental deficiencies of bone about the knee, the trend for

reconstruction after infection is to avoid bulk allografts and instead use a bone

substituting megaprosthesis (Fig. 7). There are several reasons for this. First, a

structural allograft, which is immunogenic itself, is an independent risk variable

for reinfection. Second, an allograft is a three-dimensional porous structure that

can potentially harbor bacteria deep inside its core. If there are any remaining

bacteria at the time of reimplantation, these bacteria can hide and multiply within

the dead allograft. In contrast, a bone substituting megaprosthesis is solid and

only its surface is vulnerable. If an early infection develops, there is a much better

chance of salvage with incision and drainage than with an allograft that cannot be

washed out deep inside its core. Third, healing of an allograft after prior infection

is less predictable. The reasons are the presence of less vascular supply, which is

due to prior damage from infection, and damaged host bone that may not support

the allograft. Furthermore, allograft placement requires more extensile exposure

and fixation techniques.

Finally, not infrequently after reconstruction of the infected total knee,

ligaments about the knee can stretch out, causing laxity and potential instability.

At reimplantation it is hard to assess the overall integrity of the ligament-capsular

complex of the knee. What is initially felt as ‘‘tight’’ and=or ‘‘intact’’ may only be

scar tissue that will later stretch out and provide less support. At reimplantation, a

paradox occurs. If the soft tissue is not fully débrided of excess scar tissue at the

time of reconstruction, the knee soft tissues do not generally stretch out. Knee

motion remains limited. On the other hand, by fully débriding scar tissues at

reimplantation, soft tissues are allowed to stretch during the rehabilitation phase.
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Unfortunately, this may allow more stretching than the prosthetic system can

tolerate. The knee becomes mechanically unstable. At reimplantation, the use of a

constrained femoral component design is advocated. A femoral component

design that allows either a posterior stabilized tibial insert or a constrained

tibial insert to be used is recommended. Not all knee systems incorporate this

(a) (b)

Figure 7 (a) AP radiograph (b) and lateral radiograph of salvage knee prosthesis. These

prosthetic components substitute for deficient femoral and tibial bone that would otherwise

require allograft bone for reconstruction. In this construct, there are no remaining collateral

ligament attachments. Therefore, the femoral and tibial components are linked mechani-

cally with a hinge. AP, anteroposterior.
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design feature. If the posterior stabilized tibial insert cannot support the increased

laxity from ligament stretch, a constrained tibial insert can be exchanged later to

provide the needed ligament support.

IX. PREVENTION

Periprosthetic infections tend to occur in patients who have a compromised

medical=host immune system (13,33–35). At the present time, this fact cannot be

changed. However, the treating physician is capable of employing many techni-

ques to minimize the occurrence of periprosthetic knee infection. In general, the

strategies revolve around the concept of minimizing bacterial exposure to the

prosthetic implants (33–35).

Preoperatively, patients should be carefully examined to determine areas of

potential bacterial penetration. Patients who have dental disrepair must have their

teeth repaired or extracted. Periodontal disease absolutely must be addressed and

must be quiescent before knee replacement surgery. Patients who have a history

of recurrent open foot sores should be evaluated by a foot specialist. Treatment

should focus on preventing recurrence of these sores. Patients with recurrent

rashes or lower extremity stasis sores must have a dermatologist available for

quick, appropriate treatment. Additionally, patients must be educated preopera-

tively on proper hygiene techniques. For example, diabetics must be taught not to

draw blood during toenail trimming. Rheumatoid patients who cannot inspect

their feet must have a health care provider inspect their feet and web spaces for

any breakdown.

During knee replacement surgery, methods to minimize infection include

the use of perioperative antibiotics and efficient surgical technique. Perioperative

prophylatic antibiotic therapy with a first-generation cephalosporin is still the

recommended treatment. Prophylatic antibiotic administration has shown best

efficacy when given immediately before surgery. The recommended length of

treatment should be 24 hours.

Prolonged surgery time has been implicated as an independent factor for

development of periprosthetic knee infection (7,34). Employing a surgical team

for knee replacement surgery standardizes all aspects of the procedure including

surgical site preparation, intraoperative equipment organization, and equipment

sterilization. Personnel familiar with joint replacement equipment provide effi-

cient surgical technique and minimize surgical time.

The use of operative laminar flow rooms and covered surgeon hood systems

in reducing the rate of periprosthetic knee infection is debatable. At most major

centers, one or both of these systems are used (1,14,33–35). If laminar flow

rooms are to be used, studies do show that vertical laminar flow is better than

horizontal laminar flow. Horizontal laminar flow systems create turbulent flow
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when operating room personnel stand in front of the oncoming flow. This effect is

mitigated with vertical laminar flow systems.

Postoperatively, there are several methods to reduce the risk of peripros-

thetic infection. First, all health care providers should follow standard universal

infection precautions. Washing hands between patient visits and using gloves for

dressing changes are simple, but very effective, techniques to minimize cross-

contamination of surgical wounds. Postoperative wound drainage is a major factor

that must not be ignored. A draining knee wound is a direct avenue for bacterial

inoculation to the deep tissues. Several studies confirm the higher rate of

infection in total knees when drainage is seen more than 4 to 5 days (7,34). If

wound drainage occurs, anticoagulation treatment must be modified, and the knee

must be immobilized. Persistent drainage beyond 5 days must be treated with

open surgical débridement. Antibiotics used alone do not suffice.

X. SUMMARY

Understanding the basic edicts of management of periprosthetic knee infection

provides a logical, stepwise approach to treatment. First, treatment should focus

on the affected ‘‘host’’ (i.e., patient) and not the ‘‘bug’’ (i.e., bacteria). Surgery

and antibiotic chemotherapy cannot succeed in eradicating the infection unless

the patient’s immune system is adequately competent. Employing a staging

system to evaluate patients before treatment provides a framework around

which treatment is to be directed. Patients who are more immune-compromised

often require more radical surgical treatment. Some may never be rid of infection

unless the leg is amputated. In contrast, patients with fully competent immune=
medical systems are more likely to respond to surgical débridement and adjuvant

antibiotic therapy. Prognosis for salvage in this group tends to be better. Using a

staging system provides the information needed to direct treatment.

Second, an understanding of the bacterial biofilm state is key to logical

treatment. Bacteria in a biofilm state allow for persistent infection. At present,

there are no medically safe methods to ‘‘wash off’’ or eradicate bacterial biofilms.

The only way to eradicate the infection is through surgical extirpation. A chronic

infection by definition indicates that the bacteria are in a biofilm state. Therefore,

treatment of chronic infection always requires removal of prosthetic components.

Just as importantly, biofilms form on dead bone and dysvascular soft tissue.

These tissues must also be removed to eliminate the infection.

Third, local wound management of periprosthetic knee infection must be

incorporated into the management plan. A radical débridement of the knee,

whether in an acute or chronic infection, is a vital part of treatment. A simple

lavage does not suffice. For acute infections, a full arthrotomy with synovectomy

and débridement gives the best chance for cure. For chronic infections, implant
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removal and débridement are not enough. Débridement of the medullary canals is

also required, as they are very often the source of lingering chronic infection.

Acrylic antibiotic-loaded spacers provide the local wound area with concentrated

antibiotics. Furthermore, the antibiotic-loaded acrylic spacer maintains the soft

tissue envelope. This makes reimplantation easier and often reduces the need for a

rotational muscle coverage flap. If local soft tissues are attenuated, closure must

not be left under tension. Wounds closed in this manner dehisce and drain,

promoting further bacterial contamination. Instead, a muscle flap to cover the

affected area takes care of this problem. A muscle flap provides a new vascular

supply to the area, allowing the wound to heal. Also, because of its rich vascular

supply, the flap acts as an endogenous antibiotic delivery system to the infected

area.

Finally, in the reconstruction phase of periprosthetic knee infection, the

bone and surrounding soft tissue envelope are often damaged by the infection.

Implants should provide additional support to bone and ligaments with revision-

style implants. If a patient has a compromised immune system, one should not

use bulk support allografts if at all possible. A structural allograft is dead bone

with an internal structure where bacteria may hide. If any bacterial colonies are

left over from initial débridement, they can be disseminated into and thrive within

this dead bone. In this situation, a metallic replacing endoprosthesis is a better

choice. If bacterial contamination is present, this can later be washed if there are

clinical signs of drainage or infection.

Management of periprosthetic knee infection is demanding. Treatment

requires patience and mental fortitude. However, the rewards of successful

treatment are satisfying. Patients, knowing that their limb and life are at jeopardy,

are grateful for preservation of their limb and leg function.
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I. INTRODUCTION

Approximately 6% of the population of the United States, or over 10 million

people, have been diagnosed with diabetes mellitus. The incidence of new cases is

close to 800,000 per year (1). Diabetic foot infection utilizes the greatest number

of hospital days for the diabetic population. It has been estimated that there are

between 50,000 and 80,000 lower extremity amputations per year performed on

patients with diabetes mellitus. Foot ulcerations and subsequent infection are the

precursors for the vast majority of these amputations. Diabetic ulcers and

infections are well known to be complicated and difficult to treat. The pathogenesis

of diabetic foot ulcers, and subsequent infections, is complex and involves three

active processes: angiopathy, neuropathy, and immunopathy. An understanding of

these processes is essential for both treatment and prevention of diabetic foot

ulcers. Wound care techniques, antimicrobial and surgical therapy, and adjunctive

therapy all contribute to the management of this difficult to treat condition.

II. PATHOGENESIS AND PATHOPHYSIOLOGICAL
CHARACTERISTICS

More than 90% of diabetic foot osteomyelitis is caused by a contiguous focus of

infection. Angiopathy, neuropathy, and immunopathy frequently lead to de-

creased defenses of the host and subsequent infection in the diabetic foot (2).
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Peripheral vascular disease is a common finding in the diabetic patient,

involving both the large and small vessels, often collaterally (3). Large vessel

damage causes changes in the skin, which predispose the diabetic foot to injury.

Vascular impairment, as evaluated by measurement of ankle pressure, has been

found to correlate with the development of diabetic foot ulcer (4). Microangio-

pathy is a debated topic. Tooke and colleagues have discussed the ‘‘hemodynamic

hypothesis’’ of the pathogenesis of diabetic microangiopathy (5). This hypothesis

states that in the early stages, vessel capillaries of diabetic patients have increased

microvascular pressure and flow. The increased capillary pressure results in an

injury response within the microvascular endothelium. Injury causes release of

extravascular matrix proteins that results in microvascular sclerosis. Sclerosis is

manifested in the arteriole as hyalinosis and in the capillary as basement

membrane thickening, the ultrastructural hallmark of diabetic microangiopathy

(6,7). With increasing duration of diabetes, the sclerotic process results in the

limitation of vasodilatation with reduced maximal hyperemia and loss of

autoregulatory capacity. It has been observed that nailfold capillary pressure is

elevated in the early stages of insulin-dependent diabetes, and this elevation is

positively correlated with glycemic control, as judged by the glycosilated

hemoglobin value at the time of pressure measurement. Tooke and coworkers

have suggested a role for intrinsic capillary fragility leading to microhemorrhage

and hypothesize that this may explain the potential for rapid advancement of

infection through tissue planes (5). Raskin and associates observed a significant

reduction in the width of skeletal muscle capillary basement membrane with

improved control of blood glucose levels in type I diabetic patients (8).

The importance of restoration of perfusion in the management of diabetic

foot problems has been observed. LoGerfo noted that several studies have

excluded the existence of an arteriolar or microcirculatory occlusive process

(9). Moreover, microvascular disease is not associated with reduction in luminal

diameters. If an occlusive lesion existed in the microcirculation, it would be a

contraindication for arterial reconstruction. As a consequence of these findings,

arterial reconstruction must be considered in every case of arterial occlusion.

Wyss and associates showed that arteriopathy does not cause an impairment of

oxygen diffusion; peripheral vascular disease is more often related to ulcers in

nondiabetic patients, whereas in diabetic patients, neuropathy is usually the

underlying cause of foot ulceration (10).

Neuropathy occurs early in the pathogenesis of diabetic foot problems and

is the most prominent risk factor for diabetic foot ulcers. All components of nerve

function are compromised. The progress of this polyneuropathy is variable, but,

in general, the longest, finest fibers are affected first. This includes the motor

fibers to the intrinsic muscle of the foot. With the loss of lumbrical function, the

toes become drawn up into the ‘‘claw’’ position. As a result, there are points of

increased susceptibility to pressure or friction beneath the metatarsophalangeal
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joints, over the dorsum of the toes, or at the tips of the toes. In some patients, this

process leads to Charcot foot (11,12). Autonomic dysfunction also occurs early in

the course of neuropathy. In the foot, autonomic dysfunction results in shunting

of blood through direct arteriole-venule communications, diminishing the effec-

tiveness of perfusion (13). The result is loss of hair, sweat, and oil gland function,

leading to dry, scaly skin that cracks and fissures easily. Vibration, pain, and

temperature sensations are affected more than touch or proprioception. This

sensory loss results in a decreased awareness of pressure injury or trauma. The

decreased sensation in combination with the motor-nerve-induced deformity sets

the stage for ulcerations (14,15).

The contribution of immunopathy to the development of infection in diabetic

patients is still controversial. Humoral immunity in the patient with diabetes

mellitus appears to be normal (16). Levels of circulating immunoglobulins and

number of B lymphocytes have been found to be in the normal range. Also,

complement fixation appears to he normal in a mouse model. The impaired defense

mechanism appears to be in the cellular immunity; impaired leukocyte function

and impaired intracellular killing have been observed. A defect in chemotaxis of

polymorphonuclear leukocytes has been described by Mowat and Baum (17).

Hyperglycemia appears to be the major determinant of these defects, since they are

partially or completely reversed by improved glycemic control. MacCuish and

colleagues demonstrated a decrease in phytohemagglutinin-induced lymphocyte

transformation in poorly controlled diabetes but not in well-controlled diabetes

(18). It has also been displayed that an altered response to some bacterial antigens

is present in diabetic patients, regardless of glycemic control (19).

III. CLINICAL PRESENTATION

The patient usually has foot ulceration surrounded by inflammatory signs

(erythema, edema, pain, heat, and loss of function), along with the presence of

purulent discharge from the wound. The ulceration is typically a round, punched-

out, painless area on the plantar surface of the foot under points of bony

prominence or pressure. Dorsal lesions can occur with deformities such as

hammertoes or result from tight shoes. The ulcerations may have a ring of

hyperkeratosis around the periphery. Patients are usually afebrile (20).

IV. DIAGNOSIS

A. Clinical Evaluation

The diagnosis of infection in a patient with a diabetic foot ulceration should be

made primarily on clinical findings around the wound. The presence of signs of
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inflammation is very common, but in some cases it can be suppressed by the

altered immune response and by the angiopathy.

The presence of purulent discharge permits differentiation between infec-

tion and a noninfectious cause of inflammation such as Charcot’s joint, inap-

propriate footwear, or excessive weight bearing. The size of the wound and

presence of tracts to deep tissues are important findings and should be recorded.

Any sinus tract should be explored with a sterile instrument to determine whether

bone can be probed.

Constitutional symptoms, such as fever and malaise, are not consistently

present. On the basis of clinical findings, several classifications of the diabetic

foot wound have been developed. Most of the currently used classification

systems are based on the appearance and the depth of the wound. One of the

more useful and most commonly used is the Wagner classification (21,22)

(Table 1). A similar, expanded classification has been developed by Armstrong

and Lavery (23) (Table 2). This classification applies a stage for each grade of

foot ulcer. According to a 2001 study, the stage is a better predictor of outcome

than the grade of the ulcer (24). Lipsky has suggested a system for classifying

infected wounds that is based on the concept of severity of the infection (25)

(Table 3). We have used a simplified version of the Wagner classification, the

Common Classification System. The four stages in this classification system are

cellulitis, ulcer, abscess=osteomyelitis, and gangrene. These categories are based

on physicians’ common descriptions of diabetic foot abnormality and treatment.

We reviewed 8 years of experience with this system in 1998 (26).

Clinical examination of a diabetic patient who has a foot disorder also

includes evaluation for neuropathy and vascular insufficiency. A Semmes-

Weinstein monofilament can be used to determine the extent of neuropathy by

testing and mapping the sensation of the sole of the foot (27). Neuropathy can

also be measured by proprioception and vibration by using a 128-Hz tuning fork

(28). Determination of the vascular status has implications for the prognosis and

the choice of surgical management. The most frequently used techniques are the

measurement of ankle brachial blood pressure index (ABI) and transcutaneous

Table 1 Wagner Classification of Diabetic Foot Ulcers

Grade 0 Preulcerative area with no open lesions

Grade 1 Superficial ulceration

Grade 2 Full thickness ulceration to a tendon or capsule; no abscess or osteomyelitis

Grade 3 Deep ulcer with or without bone involvement, with abscess, osteomyelitis, or

joint sepsis

Grade 4 Gangrene of part of the foot; foot is salvageable

Grade 5 Gangrene of a majority of the foot; salvage unlikely
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oxygen tension measurements (29,30). An ABI greater than 0.90 suggests normal

circulation; an ABI greater than 0.50 but less than 0.90 suggests mild to moderate

vascular disease, and a possible delay in wound healing; and an ABI less than

0.50 suggests severe vascular disease and markedly impaired wound healing (31).

Cutaneous oxygen tensions are measured by a modified Clark electrode applied

to the skin surface. Measurement of transcutaneous partial pressure of oxygen is

easy to perform, but the equipment is not available in all centers (32,33).

B. Laboratory Evaluation

A complete blood count, liver function tests, and electrolytes, serum iron, serum

protein, and albumin levels are usually obtained to define the nutritional status

and healing capabilities of the diabetic patient. Laboratory values are usually of

poor value for the diagnosis of osteomyelitis in the immunocompromised host

(34). The white blood cell count, sedimentation rate, and glycosylated hemoglo-

bin level are often elevated in acute osteomyelitis, but normal in chronic bone

infection.

C. Imaging Studies

Imaging techniques are of great value for the diagnosis of diabetic foot

osteomyelitis. Conventional radiology is still the test of choice for the diagnosis

Table 2 Armstrong’s Wound Classification

Grade 0: Pre- or postulcerative lesion, completely epithelialized

Grade 1: Superficial wound not involving tendon, capsule, or bone

Grade 2: Wound penetrating to tendon or capsule

Grade 3: Wound penetrating to bone or joint

For each grade, as appropriate

B: infected

C: ischemic

D: infected and ischemic

Table 3 Lipsky Classification of Diabetic Foot Infected Wound

Superficial ulcer=
cellulitis

Deep soft tissue=
bone involvement

Tissue necrosis=
gangrene

Systemic

toxicity

Mild þ � � �
Moderate þ þ=� þ=� �
Severe þ þ=� þ=� þ
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of neuroarthopathy and osteomyelitis. The plain radiographs show bone reab-

sorption related to osteomyelitis 10 to 14 days after the bone infection has

occurred, when 30% to 50% of the bone has been absorbed (35). These bone

changes may occur more rapidly in diabetic patients than in nondiabetic patients

with osteomyelitis, because of the inability to contain the bone infection in the

diabetic patient. The radiographs initially show osteopenia and soft tissue

swelling. Early bone changes include thinning of the cortical bone and loss of

trabeculae in the cancellous bone. These are followed by cystic changes as the

infection evolves. Progressive bone and joint destruction is followed by complete

bone and joint loss (36).

Specificity of plain radiographs has been calculated to be no more than

69% when vascular insufficiency is present. Bone radiographic changes may

represent neuroarthropathy or healing fractures. Cortical scalloping indicates

periosteal ischemia and not necessarily infection. In the diagnosis of diabetic foot

osteomyelitis, a baseline radiograph is obtained and then another radiograph is

obtained after 10 to 21 days to determine whether progressive bone changes have

occurred. Abnormal radiography findings combined with clinical evidence of a

contiguous focus of infection are highly predictive of osteomyelitis (37).

When the diagnosis of osteomyelitis is unclear, other imaging studies may

be obtained. These studies include radionuclide scans, computerized tomography

(CT) scans, and magnetic resonance imaging (MRI). The radionuclide scans are

highly sensitive but poorly specific for the diagnosis of osteomyelitis. The

technetium-99m scan demonstrates increased isotope accumulation in areas of

osteoblastic activity and increased vascularity. False-negative scan results are

possible when patients have severe ischemia. False-positive findings are common

because of the overlying soft tissue inflammation. Gallium-67 citrate bone scans

are very sensitive for the diagnosis of osteomyelitis but have poor spatial

discrimination, making it difficult to distinguish between bone and soft tissue

inflammation. Thus, investigators often prefer to perform the gallium scan after

the technetium-99 three-phase bone scan. The labeled leukocyte scan (usually

performed with indium-111) is the most sensitive tool for the diagnosis of acute

infection. A negative isotope-labeled leukocyte scan result rules out osteomyelitis

in patients with neuroarthropathy (38–40).

Computed axial tomography may be useful in the diagnosis of osteomye-

litis to identify areas of devitalized bone and assess the involvement of

surrounding soft tissues. This imaging technique may assist in planning the

surgical approach. However, in comparison with long bone osteomyelitis, CT

scan is less useful in diabetic foot infection, because of the small size of the

anatomical structures (41).

MRI is the most sensitive and specific tool in the diagnosis of osteomelitis.

MRI is useful in distinguishing areas of neuroarthropathy, which are identified as

a low signal on all pulse sequences within bony structures and soft tissues. With
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osteomyelitis, high marrow signals on all pulse sequences are seen, except the

T1-weighed images. Because of the high cost of the test, MRI may only be

cost-effective for patients who have a questionable diagnosis of osteomyelitis

or in planning a difficult surgical approach (42).

D. Soft Tissue and Bone Culture

Swab cultures of ulcers or draining sinuses are not very accurate but are a helpful

first step. Swab cultures typically identify only about 66% of the pathogenic

bacteria. Blood cultures rarely yield positive findings in osteomyelitis patients

since the infection is ‘‘walled off’’ from the rest of the tissues.

Cellulitis and osteomyelitis in the diabetic foot are usually polymicrobial

infections (43,44). The most common bacteria are Staphylococcus aureus,

Streptococcus spp., coagulase-negative staphylococci, and enterococci. Gram-

negative aerobic organisms including Proteus mirabilis and Pseudomonas aeru-

ginosa are frequently isolated. Anaerobic bacteria are cultured in approximately

20% of patients. Bone cultures obtained at surgical débridement are of great value

for the diagnosis of osteomyelitis. Antibiotic administration must be discontinued

48–72 hours before surgery so residual antibiotics will not retard bacterial

growth. A bone sample should have pathological analysis for historical confirma-

tion of the diagnosis (45).

V. TREATMENT AND MANAGEMENT

Diabetic foot infection is very difficult to cure, and osteomyelitis is very

challenging to treat and requires a multidisciplinary approach. Consistent and

frequent wound care is crucial to the healing process, as well as appropriate

antibiotic therapy, good nutrition, and glycemic control.

A. Current Wound Care Techniques

Wound care has an important place in the treatment of a diabetic foot ulcer (46).

Wound characteristics must first be accurately evaluated and documented. The

color of the wound bed, size, periwound skin appearance, amount of drainage,

color, adherence, odor, and location of the wound, must all be assessed. Wound

treatment is dynamic, and the products used should reflect the changing stages of

the wound. Usually, wound care consists of the use of topical agents (disin-

fectants, topical antibiotics, products for chemical débridement) and wound

dressings. The primary function of a wound dressing is to promote a moist

healing environment for tissue repair. Different dressings have different proper-

ties, such as exudate absorptive capacity, moisture promotion, ability to débride
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nonviable tissue and reduce bacterial colonization, and potential use as an

antibiotic delivery system to the wound bed (47). In 2000, tissue engineered

skin substitutes (Apligraft and Dermagraft) were used to treat nonhealing wounds

(48). A topical gel containing becaplermin (Regranex), a recombinant human

platelet–derived growth factor, seems to be promising in enhancing the healing

process (49). These new treatments are expensive and may be helpful for selected

patients with ulcers that are unresponsive to standard therapy.

B. Off-loading

Pressure reduction, or off-loading, is a critical element in the management of

diabetic foot ulcers. The excessive pressure that occurs in a neuropathic diabetic

foot must be alleviated in order to facilitate wound healing (50). Several methods

have been used for off-loading, such as bed rest, non–weight bearing, crutches,

walkers, and myriad orthotic devices. The goal of off-loading is to reduce the

pressure at the site of the lesion while maintaining ambulation. Total contact casts

are plaster casts that distribute pressure across the plantar foot surface. Since the

patient cannot remove the cast, compliance is forced. These devices have been

shown to be effective (51). The use of removable devices implies the need for

education of the patient about compliance.

C. Antimicrobial Therapy

Several trials of the antibiotic treatment of diabetic foot infections have been

published. However, since different study designs, definitions, and endpoints have

been used, their results are almost impossible to compare. The overall outcome of

those studies is similar; a clinical response can be expected in 80%–90% of

patients who have mild to moderate infection (25,52). No regimen emerges as

superior to another. Antibiotic treatment usually starts with an empirical regimen.

Even if the most important and more common pathogens are covered, the severity

of infection is another criterion to guide the choice of antibiotics. In the treatment

of severe infections, the margin for error is smaller; therefore, a broader-spectrum

agent and intravenous administration are usually needed. All regimens must be

active against staphylococci and streptococci. For patients who have severe

infections or were previously treated, adequate coverage against gram-negative

bacilli and enterococci is given. Gangrenous and foul-smelling wounds are

treated with antianaerobic regimens. Initial treatment of a previously untreated

patient with a non-limbthreatening infection is focused primarily on staphylo-

cocci and streptococci. Initial treatment of limb-threatening infections requires

broad-spectrum antibiotics because these infections are frequently polymicrobial

(Stapylococcus aureus, group B streptococci, other streptococci, Enterobacter-
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iaceae, anaerobic gram-positive cocci, and Bacteroides spp., including B. fragilis)

(53,54).

Parenteral drugs effective against staphylococci are nafcillin and clinda-

mycin. Methicillin-resistant staphylococci require glycopeptides (vancomycin,

teicoplanin) or newer agents such as oxazolidinones (linezolid). It has been

suggested that combination therapy with rifampin can enhance activity against

staphylococci.

Oral fluoroquinolones are commonly used with an antistaphylococcal drug

in the treatment of these infections. Because of their excellent bioavailability and

favorable bone penetration, oral administration of these antibiotics usually

replaces parenteral therapy (55). Their spectrum includes aerobic gram-negative

bacteria and some gram-positive pathogen. Since their coverage against gram-

positive bacteria is sometimes poor and resistance may emerge among Staphy-

lococcus aureus strains, their use as single agents is inappropriate.

Other useful antimicrobial agents include ampicillin-sulbactam, amoxicil-

lin-clavulanic acid, trimethoprim-sulfamethoxazole, metronidazole, and minocy-

cline (56).

When cultures and sensitivity tests are available, the regimen may be

changed and the antimicrobial spectrum narrowed. However, the response to the

empirical regimen is also of great importance: the patient may respond to a

treatment ineffective in vitro and, conversely, infection may worsen despite

adequate coverage for all the isolated organisms.

The optimal duration of antibiotic therapy has not been extensively studied.

Treatment is given for 2 weeks for infections that involve only soft tissues (25).

The treatment is started by the intravenous route and continued orally since

clinical improvement is noticed. Bone infection requires a longer course of

antibiotics, lasting 4 to 6 weeks. The antibiotic treatment can be shorter if the

infected bone is surgically removed. When an amputation is performed proximal

to the bone and soft tissue infection, antibiotic therapy is given for 1 to 3 days. If

surgical treatment is not possible or acceptable to the patient, a long-term

suppressive treatment is given (57).

D. Surgical Treatment of Diabetic Foot Osteomyelitis

When a definitive surgical procedure would lead to unacceptable patient morbidity

or disability, or in cases in which the patient refuses surgical treatment, a long-term

suppressive antibiotic therapy is generally offered. However, most of these patients

require a definitive surgical procedure (58). Local débridement surgery may be

performed for a patient who has osteomyelitis in a bone amenable to débridement.

Débridement is performed on viable hard and soft tissues, where good bleeding is

present. Bleeding in and around diabetic bone may be limited by ischemia. Unless

good tissue oxygen tension is present or provided, the wound does not heal and
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ultimately requires an ablative procedure. The patient who has extensive osteo-

myelitis and marginal or poor tissue oxygen perfusion usually requires some type

of ablative surgery (22,59). Digital and ray resections, transmetatarsal amputa-

tions, midfoot disarticulation, and Chopart’s, Lisfranc’s, and Syme’s amputations

(amputation of the foot with retention of the heel pad) permit the patient to

ambulate without a prosthesis. The amputation level is determined by the

vascularity and potential viability of the tissues proximal to the site of infection

and the requirement of thorough débridement. The amputation site must also be

stable and not prone to early breakdown after surgery. It is important to assess the

vascularity of the tissue at the amputation site to determine the potential for

successful wound healing. As a result of performing early distal vascular bypass

surgery, angioplasty or angioplasty plus stenting is often possible to provide

enough blood flow to allow healing in the area to be débrided or ablated (60).

E. Adjunctive Therapy of Diabetic Foot Osteomyelitis

Despite advances in antimicrobial treatment and in the management of diabetic

foot osteomyelitis, the need for radical surgical treatment (amputation) is still

high. Therefore, some approaches have been studied to increase the cure rate and

avoid amputation. Hyperbaric oxygen has been used for many years as an

adjunctive treatment. Oxygen plays an important role in the physiological

mechanisms of wound healing (61). Hyperbaric oxygen (HBO) therapy may

raise tissue oxygen tensions to levels at which wound healing can be expected.

Moreover, phagocitic activity requires optimal oxygen tensions. HBO increases

the killing ability of leukocytes, is lethal for certain anaerobic bacteria, and has

been associated with anti-inflammatory activity (62). Several studies have shown

the beneficial activity of HBO in the therapy of diabetic foot ulcers. In one

comparative study, Zamboni and associates showed a greater reduction of the

wound surface area in the HBO-treated group than in a group treated with

antibiotics alone (63). Also, Faglia and colleagues demonstrated a reduction in

the amputation rate in the HBO-treated group when compared with a group

treated only with antibiotics (64). In this study, diabetic patients primarily had

ischemic ulcers.

In 1997 recently, human recombinant granulocyte colony-stimulating factor

(G-CSF) was studied as an adjunctive therapy for the treatment of diabetic foot

infection. This agent increases the release of neutrophils from bone marrow,

improves neutrophile function, and has been used in the treatment of infection in

nonneutropenic patients. Gough and associates administered G-CSF for 7 days in

a randomized trial. G-CSF-treated patients displayed faster eradication of patho-

gens, quicker resolution of cellulitis, shorter hospital stay, shorter duration of

antibiotic treatment, and no need for surgery, when compared with an antibiotic-

only treatment group (65). In a randomized trial, de Lalla and colleagues treated
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diabetic patients who had limb-threatening infections with G-CSF plus standard

antimicrobial therapy for 21 days. This administration was associated only with a

lower rate of amputation, without any significant difference in cure or improve-

ment (66). In a more recent trial, Yonem and colleagues confirmed the improve-

ment in neutrophil function, but without any clinically significant effect (67).

Further studies are needed to support recommendations about the use of G-CSF

in diabetic foot infections.

VI. PREVENTION

Education, orthotics, nonprescription self-care, and common sense can prevent or

heal early diabetic foot ulcers. Education must emphasize standard foot care. There

should be emphasis on the daily inspection of the toes and the feet. Foot washing

and moisturizing with creams are mandatory to prevent skin openings. Patients

should avoid activities, such as walking barefoot or wearing improperly fitted

shoes, that might cause unnecessary trauma to neuropathic or angiopathic feet.

VII. SUMMARY

Infections in the diabetic foot require complex care. Although not all foot

infections can be prevented, a dramatic reduction in their frequency has been

achieved through a multidisciplinary approach to patient management involving

orthopedic and vascular surgeons, infectious disease specialists, primary care

physicians, nurse educators, and orthotic technicians. Neuropathy, angiopathy,

and immunopathy are predisposing factors for the development of the diabetic

foot infection. Infections have differing severity, ranging from cellulitis and ulcers

to osteomyelitis and gangrene. Antimicrobial treatment is usually performed with

combinations of different antibiotics. Antibiotics are administered initially by the

intravenous route and, when an improvement is seen, continued by the oral route.

Surgical treatment includes débridement and various levels of amputation. Poor

blood glucose control, poor patient compliance with treatment regimens, as well

as smoking, obesity, and concomitant medical problems hinder the healing

process. Prevention of diabetic foot problems is based on patient education,

good blood glucose control, and proper foot care.
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I. CLASSIFICATION

Hematogenous spinal infection is a category of disease that encompasses

several entities with characteristic presentations and clinical courses. It can

be pyogenic (bacterial), granulomatous (tuberculosis or fungal), or parasitic

(echinococossis). In general, pyogenic infection of the spine has been reported

as either spondylodiscitis or pyogenic osteomyelitis (1). Isolated diskitis, or

infection limited solely to the disk space, has been identified as a complication

of surgery or discography (2). Diskitis can also affect children (3); however, in

1996 magnetic resonance imaging (MRI) findings depicted cases of diskitis

in children as actually being spondylodiskitis (4). These findings have been

corroborated in adults by other findings of concurrent disk and vertebral body

involvement (5). However, granulomatous infection, especially tuberculosis,

may be a spondylitis in the initial stages (6), and brucella infection, as

is manifested radiologically, very often remains as spondylitis. Pure

pyogenic spondylitis and diskitis have also been reported with certainty (7)

(Figs. 1 and 2). The concept of spondylitis (denoting osteomyelitis of the

vertebral body) originates from the theory that, in adults, infection starts in

the subchondral bone as an osteomyelitic lesion and then spreads into

the adjacent intervertebral disk (1,8). Table 1 shows the incidence of the
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different manifestations of pyogenic spinal infections. Our findings (95% in

a series of 101 cases) (7) show that spondylodiskitis represents the vast majority

of pyogenic spinal infections. This supports the hypothesis expressed by

Ghormley and associates (9), who stated that intervertebral disk space infection

and vertebral osteomyelitis were probably different stages of the same disease

process.

Epidural abscess can complicate pyogenic infection of the spine in 33% of

cases and is referred to as secondary epidural abscess. When it is found as an

isolated entity, independently of spondylodiskitis, it is referred to as primary

epidural abscess, which constitutes 2% of all spinal infections. Six percent of all

Figure 1 Sagittal T2-weighted MRI image demonstrating homogenous high-intensity

signal of the L3 vertebral body suggesting spondylitis. The infection process was

confirmed by percutaneous transpedicular biopsy. MRI, magnetic resonance imaging

(From Ref. 7.)
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Figure 2 A rare case of hematogenous pyogenic diskitis. Left, T2-weighted MRI-sagittal

image showing high-intensity signal in the L4-L5 disk space and a high-intensity signal

posteriorly in the corresponding epidural space suggestive of purulent material. Right,

gadolinium-enhanced T1-weighted MRI image demonstrating a low-intensity signal in the

anterior epidural space at the L4-L5 level suggesting pus. Note: The pus is surrounded by a

ring of hyperintense signals, suggesting vascular inflammatory granulation tissue (see

arrow B). MRI, magnetic resonance imaging.

Table 1 Nomenclature and Incidence of Manifestations of Pyogenic Spinal Infection

Different Diskitis 1% Pyogenic

stages of Spondylitis 1% vertebral

spondylodiskitis Spondylodiskitis 95% osteomyelitis

Pyogenic

infection of

the spine

Secondary epidural abscess 33%

Primary pyogenic epidural abscess 2%

Pyogenic facet arthropathy 1–6%

n o(

(
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epidural abscesses are primary in nature and 94% are secondary; the secondary

are far the most common (7). Secondary epidural abscesses usually occupy

the anterior epidural space and may spread posteriorly, whereas primary

epidural abscesses are usually confined to the posterior epidural space. The

anatomical location of an epidural abscess dictates the most appropriate

surgical approach.

A 1999 report (10) stated that the annual frequency of spinal epidural

abscess is on the rise. This increase is due, in part, to sophisticated spinal imaging

techniques with more sensitive diagnostic accuracy, on one hand, as well as

several other factors, such as intravenous drug abuse, invasive spinal studies (11)

(epidural catheter, discography, etc.), and the growing number of spine surgical

procedures, on the other. The overall frequency is quoted to range between 0.2%

and 1.2% of hospital admissions, or 0.1% of all hospital admissions during the

decade 1983–1993.

Hematogenous pyogenic facet joint infection is a rarely diagnosed condi-

tion, representing approximately 6% of all pyogenic spinal infection in one series

Figure 3 Axial computed tomographic scan through the lumbar facet joints. Notice the

erosive bony changes (arrow) of the involved right facet joint. (From Ref. 12.)
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(12). Thirty cases have been reported in the literature (Figs. 3 and 4). Twenty-

seven of these were located in the lumbar spine and three were located in the

subaxial cervical spine (13). Pyogenic infection involving the C1-C2 facet joint

(13–16) has been associated with osteomyelitis of the occipitoatlantoaxial

complex and=or the odontoid process, suggesting that it may be a

separate pathological entity from isolated hematogenous facet joint infection.

Approximately 25% of lumbar facet joint infections are associated with epidural

abscess formation (17–22) and nearly 30% of these are accompanied by a

severe neurological deficit (12). In the cervical spine, two of the three

reported cases were associated with epidural abscess formation, and all

three patients demonstrated a neurological deficit ranging in severity

from hemiparesis to unilateral upper extremity weakness. This suggests

that cervical facet joint infections are associated with a greater rate of morbidity

than those of the lumbar spine (12).

Figure 4 Axial, contrast-enhanced T1-weighted MRI demonstrating infected right facet

joint with adjacent paraspinal muscle enhancement and abscess formation (arrow). MRI,

magnetic resonance imaging (From Ref. 12.)
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II. BACTERIOLOGICAL AND RISK FACTORS

A. Bacteriological Factors

Tissue culture data are listed in Table 2. The most commonly isolated organism in

our series was Staphylococcus aureus (62.7%) (23). This accords with most of the

reported literature, as Staphylococcus aureus accounts for 42% to 84% of isolated

organisms (2,3,23–32), followed in frequency by Streptococcus species and

gram-negative bacilli (3,8,24,26,27,32–34). Staphylococcus epidermidis (coagu-

lase-negative Staphylococcus sp.) is not an unusual organism; it occurred in

14.7% of a reported series (23) and can occur spontaneously in non-compromised

Table 2 Bacteriological Characteristics of

Spinal Infection

Overall results

No organism 24.4% (24=98)
Isolated bacteria 75.5% (74=98)
One bacterium 51.0% (50=98)
Two bacteria 16.3% (16=96)
Polybacteria 8.1% (8=98)

Gram-positive bacteriaa

Staphyloccus species 62.7% (64=98)
MSSA 36.2% (37=98)
MSSE 14.7% (15=98)
MRSA 6.8% (7=98)
MRSE 4.9% (5=98)

Streptococcus species 19.6% (20=98)
Enterococcus Gr D 3.9% (4=98)
Diphtheroids 1.9% (2=98)
Citobacter 0.9% (1=98)
Gram-negative bacteria

Pseudomonas aeruginosa 3.9% (4=98)
Escherichia coli 2.9% (3=98)
Enterobacter spp. 0.9% (1=98)
Providencia spp. 0.9% (1=98)
Proteus mirabilis 0.9% (1=98)
Stento Malo 1.9% (2=98)

Anaerobes 2.9% (3=98)

aMSSA, methicillin-sensitive Staphyloccus aureus;

MSSE, methicillin-sensitive Staphyloccus epidermidis;

MRSA, methicillin-resistent S. aureus; MRSE, methi-

cillin-resistant S. epidermis.
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hosts, in contrast to conclusions of previous publications (11,35–39). Multiple

organisms have been present in 24.4% of our cases (23) and have been shown to

occur at approximately the same rate by others (1,3,40). Polymicrobial infections

do not alter patient outcome (7,23).

Negative culture results were obtained 24.4% of the time in our series, a

rate consistent with that of other investigators (27,41,42).

B. Risk Factors

Risk factors for spinal infections are listed in Table 3. Many spinal infections are

preceded by infections elsewhere (genitourinary tract, soft tissues, upper respira-

tory, or gastrointestinal tract), as observed in our series (2,3,7,8,31,43–48). Risk

factors that compromise the immune system, such as diabetes mellitus, rheuma-

toid arthritis, or chronic steroid use (8,26,29,40,44,45,48–51), render the host

more susceptible to spinal infections. It also should be noted that approximately

one-fourth of our patients had a history of intravenous drug abuse. The incidence

of ankylosing spondylitis as a predisposing factor in our series was 1% (7),

reflecting the findings of Kabasakal and colleagues (52), who reported that 8% of

ankylosing spondylitis cases are complicated by spondylodiskitis.

Trauma may also play a role in spondylodiskitis and epidural abscess

(37,53,54) it occurred in 1% of our cases (23).

III. PATHOLOGICAL AND HISTOPATHOLOGICAL
CHARACTERISTICS

Initial hematogenous spread of infection in the spine, in most cases, affects the

anterior subchondral bone in the vertebral body adjacent intervertebral disk and

Table 3 Risk Factors for Pyogenic Spinal Infectiona

Liver diseases 9.9% (10=101)
Diabetes 13.8% (14=101)
End-stage renal disease 7.9% (8=101)
Intravenous drug abuse 24.8% (25=101)
Tobacco use 24.8% (25=101)
Malignancy and HIV 7.9% (8=101)
Infection elsewhere 29.7% (30=101)
Ankylosis spondylodiskitis 1.0% (1=101)
Trauma 1.0% (1=101)

aHIV, human immunodeficiency virus.
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then involves the disk space. However, in adults, disk infection can also be caused

by spinal invasive procedures or by hematogenous spread of microorganisms

directly to the periphery of the intervertebral disk (55,56).

Acute inflammation mostly commonly produces histological changes in the

disk tissue; it was found in 75% of surgical specimens with disk tissue (57).

Histopathological features include vascular proliferation, myxoid degeneration,

and necrosis of the disk tissue. The adjacent bone shows evidence of chronic

osteomyelitis with marrow fibrosis and a variable amount of plasma cell

infiltration mixed with lymphocytes in 33% of cases. Evidence of acute osteomye-

litis can also be present. The diagnostic yield for detecting the pathogenic organism

in tissue sections with the use of histochemical stains is rather low (15%); usually

the organism is detected in severe cases with florid acute inflammation and abscess

formation (44%). Although histopathological evaluation has high diagnostic

accuracy at biopsy, tissue should be submitted for culture, which has higher

sensitivity and specificity for detecting the etiological organism.

IV. CLINICAL MANIFESTATION AND DIAGNOSTIC
CHALLENGES

Male patients predominated in our series, constituting 75.2% (7). Other studies

found male patient distributions of 51% (58) to 81% (5), and even 91% (28); in

several reports predominance was approximately 60% (25,29,44,59).

Historically, the greatest challenge in treating infections of the vertebral

column has been properly diagnosing the condition in a timely fashion. Patients

typically report insidious onset of back or neck pain that is often misdiagnosed as

a strain or attributed to degenerative changes (29,30). Proper diagnosis can even

be delayed for months (46).

Laboratory studies such as leukocyte count and erythrocyte sedimentation

rate (ESR) can be construed as diagnostic challenges since they are not sensitive

and are nonspecific (7). According to reports in the literature, elevated leukocyte

counts range from 13% to 60% (3,26,28,29,31,40,44,60) of cases. Levels

of ESR are elevated more commonly, ranging from 73% to 100% (8,26–

29,31,32,40,44) of cases. In our series, leukocyte count and ESR rate values

were elevated only 42% and 81% of the time, respectively, in cases of

pure spondylodiskitis (23), However, there was a statistically significant

( p < 0:001) tendency toward association of elevated leukocyte counts and

erythrocyte sedimentation rates with epidural abscess, suggesting that these

tests are more sensitive in the presence of epidural abscess (leukocyte count,

89.6%; ESR, 100%) (23). This implies that these parameters, when elevated,

represent ‘‘red flags’’ for a more serious condition.
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Plain radiographs may take not show any signs of infectious changes

for 2 to 12 weeks (28,44). However, the clinician equipped with a knowledge

of risk factors for spinal infection (such as preexisting infection of the

genitourinary, gastrointestinal, or upper respiratory tracts, or immuno-

suppression), a high level of suspicion, and sensitive imaging modalities (i.e.,

magnetic resonance imaging and bone and gallium scans) can make an accurate

diagnosis, even for indolent infections, in as little as 2 weeks from initial

presentation (7,61).

Complications of spondylodiskitis are deformities and epidural abscesses

predisposing to mechanical (spinal pain and deformity) and neurological com-

promise, respectively (7). The most dreaded complication is paralysis. Thecal sac

compression can be caused by either frank epidural abscess (29%) (23) or

epidural inflammatory granulation tissue of spondylodiskitis (6%) (23). The

condition of spinal epidural abscess still carries significant morbidity (11%–30%)

and mortality (3%–30%) rates (62) when paraplegia is present; the prognosis for

recovery is very poor (24). In our series, 37% of patients who had epidural

abscess had paraplegia (23), only 23% recovered completely, and 7.7% had a

partial recovery; the mortality rate was 7.7%.

The most frequent anatomical location of spondylodiskitis was the

lumbar spine (56.1%), followed by the thoracic (33.7%) and the cervical spine

(10.2%) (23). As has been reported in the literature (43), we encountered

secondary epidural abscess most commonly in the lumbar spine (39.3%),

followed by the thoracic spine (33.3%) and cervical spine (27.2%) (23). In

contrast, the most frequent anatomical site for thecal sac encroachment, either by

epidural abscess or by epidural granulation tissue, was the cervical spine (90%),

followed by the thoracic (33%) and the lumbar spine (23.6%) (23). However,

dreadful neurological complications (paraparesis or paraplegia) as a result of

thecal sac compression occurred more frequently in the thoracic (81.8%)

and cervical (55.6%) regions, as opposed to the lumbar (7.7%) spine (23).

These findings are in agreement with a previous report (50) that more cephalad

levels of involvement are more prone to development of neurological changes,

although this report (50) showed a higher incidence of paraplegia in the cervical

spine, in contrast to the thoracic spine in our series (23). The poor prognosis of

the thoracic epidural abscess can be attributed to the small subarachnoid space in

the thoracic spine and its tenuous vascularity. These two factors can predispose

to readier mechanical compromise and thrombosis of the nutrient vessels,

respectively. Therefore, in cases of cervical or thoracic infection, more caution

should be exercised to assess possible secondary epidural abscess formation

and prevent its neurological sequelae. There are also other factors, apart from

anatomical location of infection (more cephalad location), that predispose

to paralysis, such as increases in age, steroid use, diabetes, and rheumatoid

arthritis (50).
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Secondary epidural abscess resulting from spondylodiskitis occurred in

33% of our patients, compared with a report of 38% (24) and a review citing rates

of 4% to 11% (63).

Purulent epidural abscess had a poorer prognosis than inflammatory

epidural granulation tissue (18% versus 100% complete or partial recovery), as

did paralysis in comparison to paraparesis (31% versus 100% recovery) (7).

Primary epidural abscess, in contrast, was rare in our series, constituting

only 2% of all spinal infections, but carried a grave prognosis (23). Both patients

in our series with this condition had severe neurological deficits and neither

recovered after surgical decompression. Previous reports in the literature showed

higher rates of primary epidural abscess formation, but several of these studies

were conducted without the use of sophisticated imaging. More recent studies,

which included MRI, showed primary abscess rates of 12% (54), 14% (34), and

29% (48). Studies conducted without MRI reported primary abscess rates of 36%

(49), 63% (64), and 80% (24).

V. IMAGING MODALITIES FOR IDENTIFICATION OF
VERTEBRAL OSTEOMYELITIS

Radiographic findings (65) typically lag 2 to 3 weeks behind clinical symptoms.

The earliest signs include blurring of the endplates and decrease in the disk space

height; they are followed by bone destruction of the adjacent vertebrae. When

bone sclerosis supervenes signifies repetitive process. Chronic spondylodiskitis at

times can be indistinguishable from diskogenic degenerative end plate changes or

infection superimposed on chronic degenerative disk disease (65).

Computed tomography (CT) and MRI provide more accurate anatomical

details than radionuclide imaging techniques. However, the morphological

abnormalities seen on MRI and CT do not always distinguish between a

‘‘burnt out’’ infection and an ongoing one, since the abnormal changes of the

infectious process tend to be somehow permanent. CT and MRI assess only

regional changes of infection that, in fact, may be widespread (66). Gallium-67

(67Ga) used sequentially after 99 Technician Methyldiphosphinate (99Tc MDP)

bone scan increases the specificity of the diagnosis. 67Ga can also highlight

distant septic foci in the soft tissue or skeleton, which may be more amenable to

biopsy or culture than the spine (66,67).

Radionuclide 67Ga has excellent intrarater and interrater reliability and

reproducibility; it is more accurate than haematological investigation (ESR, white

blood cell [WBC] count, blood cultures) and almost equal in sensitivity MRI in

the diagnosis of vertebral osteomyelitis (68). Sequential 67Ga scanning is a

reliable and sensitive tool to evaluate the infectious process, response to antibiotic

therapy (68), and evolution of the disease activity, and it is more sensitive than
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MRI in assessing the progress of the infection. In the majority of cases, 67Ga

findings usually become negative within 3 months (68). As an instrument for

assessing the evolution of infection, subsequent gallium scans do not require

combination with bone scans. In this context 67Ga radionuclide imaging is a cost-

effective imaging resource, as well as an accurate method for assessing and

managing spinal infection (68) (Fig. 5).

CT scan (65) may show a small hypodense area within the disk in the early

stages of spondylodiskitis. CT scan allows better definition of the destructive

inflammatory process of the endplate and adjacent trabecular bone and also may

demonstrate paravertebral or intraspinal involvement. Intravenous contrast injec-

tion may show ring enhancement of an epidural abscess displacing the thecal sac

posteriorly.

Figure 5 Imaging diagnostic algorithm for spinal infections. (From Ref. 66.)
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Figure 6 Early and late stages of MRI depiction of pyogenic spondylodiskitis as

described by Ring and coworkers. MRI, magnetic resonance imaging. (Scoliosis Research

Society. J Bone Joint Surg 18:97, 1994. (Used with permission.)

Table 4 Imaging Investigation

Testsa Sensitivity Specificity Accuracy

Radiography 82% 57% 73%

MRI 96% 92% 94%
111In-WBC 61% 98% 66%

Gallium and bone scan 90%–100% 78%–100% 86%–100%

aMRI, magnetic resonance imaging; 111In, indium-111; WBC, white blood cell.

Source: Refs. 27,58,66,88, and 89.
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MRI is more sensitive than CT scan, which, in turn, is more sensitive than

conventional radiography in showing spondylodiskitis. MRI is as sensitive as

bone scans in detecting spondylodiskitis, but definitely more specific (58)

(Table 4).

Infection of inververtebra1 disk space and adjacent vertebral bodies is

usually visualized as a region of low signal intensity (hypointense) on T1-weighed

images and of high signal intensity (hyperintense) on T2-weighed images. The

disk space is narrow and the vertebral body endplates are indistinct (61,69)

(Fig. 6).

Sagittal images are useful for demonstrating prevertebral soft tissue exten-

sion of the inflammatory process; coronal images display paraspinal soft tissue

spread; axial images show the extent of epidural involvement and the degree of

neurocompression (70).

Figure 7 Imaging diagnostic algorithm for minimally invasive surgery.
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Some investigators have recommended short T1 inversion recovery (STIR)

images for the evaluation of spinal osteomyelitis. With this technique, by

suppression of the signal from the fat, the normal bone marrow appears dark,

and, in contrast, pathological processes of high water content, such as inflamma-

tion, appear very bright. This approach provides images with high contrast

between pathological and normal tissue (70,71).

Epidural abscess can be demonstrated on SET1-weighted images as low or

intermediate signal intensity. On proton-density and T2-weighted images they

have high signal intensity, and, on gradient echo images, they appear as

hyperintense or isointense lesions. The delineation of the abscess is variable on

T2-weighted images (43,70). The purulent fluid in the inflammatory portion of

the abscess shows a markedly increased signal (T2-weighted images), whereas the

surrounding edema of the inflammatory process and the granulation tissue has

inhomogeneous areas of mildly increased signal intensity. Some researchers have

found no correlation between the signal on MRI (T2-weighted images) and the

stage of epidural abscess (61,70). However, the epidural abscess can be well

delineated on the gadolinium-enhanced T1-weighted images (72). Gadopentetate

dimeglumine–enhanced T1-weighted MRI (gadolinium-enhanced) is also helpful

in delineating the extent of the abscess in the presence of granulation tissue and in

defining the activity of the infectious process and determining the response to

antibiotic therapy. However, in acute epidural abscess (mainly pus) with minimal

or no granulation tissue, gadolinium intravenous (IV) injection with MRI shows

either no enhancement or minimal peripheral enhancement (72).

When hemorrhage complicates spondylodiskitis it can be seen as a

heterogeneous high signal on T1- and T2-weighted images (appearing as epidural

hematoma) (73).

Hyperintense signal on T2-weighted images from the cord is suggestive of

myelitis caused by spinal cord compromise (vascular or mechanical effects). This

is usually expected to regress after appropriate and emergent treatment consisting

of epidural abscess evacuation and=or antibiotic therapy (61,70,73).

VI. PRINCIPLES OF THERAPEUTIC MANAGEMENT AND
LABORATORY GUIDANCE

Once a diagnosis is obtained, the treatment for vertebral osteomyelitis is

intravenous antibiotics, followed by oral antibiotics and immobilization (8).

Tissue cultures should be obtained as soon as possible before initiating antibiotic

treatment. Tissue samples should be tested for aerobic, anaerobic, acid-fast, and

fungal organisms. At this point, broad-spectrum antibiotics should be started,

including an antistaphylococcal agent, since Staphylococcus species is identified

as the infecting organism in more than 50% of all cases (23,40). Gram-negative
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organisms and streptococcal species are also common infecting organisms and

should be considered when choosing the initial antibiotic regimen

(8,26,27,32,74). As culture results and sensitivities become available, appropriate

changes to therapy should be made. There is a 25% to 50% chance that negative

culture results will be obtained (6,44,63). This result can be due to pretreatment

with antibiotics, use of a small-bore biopsy needle, or natural evolution of disk

infection (75). If negative culture findings are obtained, a repeat biopsy by the

percutaneous transpedicular route (76) can be performed (after IV therapy is

suspended for at least 2 full days) or, in lieu of this, broad-spectrum antibiotic

treatment is continued. Treatment includes at least 6 weeks of IV antibiotics

followed by appropriate oral antibiotics (8,23,63) for 4 to 6 weeks. Administra-

tion of less than 4 weeks of IV antibiotics has been associated with a high

recurrence rate (40,50).

Clinical response to treatment should be monitored by weekly ESR values;

typically these should decrease to less than 50% of pretreatment values before

antibiotics are discontinued (8,63,77). If the sedimentation rate remains high after

a full course of antibiotics, then either the spinal infection has not resolved or the

ESR remains elevated because of other causes. ESR may be elevated in healthy

elderly people (78), patients taking certain medications (5,79), and pregnant

women (74). In children, C-reactive protein levels respond more rapidly to

treatment than does the ESR and its decrease is a sensitive indicator that the

patient is responding to the treatment regimen (80,81). A gallium radionuclide

scan, which is both sensitive and specific for spinal infection, should be obtained

at 6 weeks. A negative result signals that the infection has resolved (68),

regardless of the sedimentation rate value. Beware when a patient, who despite

treatment, has signs of sepsis or neurological deficit, since they may indicate that

a secondary epidural abscess has formed (22). Given this situation, appropriate

investigation includes an emergent MRI scan (61) with gadolinium contrast

enhancement and, if an abscess is found, immediate surgical decompression.

Our preference in biopsy method is the transpedicular approach

(23,27,76,82,83), which is a minimally invasive surgical procedure, useful not

only for diagnostic purposes, but also as an effective therapeutic modality (see

Section XI). Two objectives can be accomplished through this approach. By

debulking and draining the infected tissues, early and effective control of the

infection can be accomplished, thereby preventing it from spreading into epidural

space. Second. it is highly feasible, by opening channels between the vertebral

body and the adjacent intervertebral disk space, to allow granulation tissue from

the vertebral body (75) to invade, absorb, and control the disk space infection and

potentially accomplish spontaneous fusion at a much earlier stage. As a corollary,

it is reasonable to advocate the use of transpedicular diskectomy in early stage of

spondylodiskitis in an attempt to control the infection, expedite the healing

process in good alignment, and prevent the progression of bone destruction that

Hematogenous Pyogenic Infection of the Spine 355



may lead to painful kyphotic deformity and instability (17,27). Seventy-five

percent of unselected patients treated by this method experienced a decrease in

pain within 24 hours (27) with progressive resolution of neurological deficit. It

can also be undertaken in patients with secondary epidural abscess with minimal

neurological deficit. However, when treating an epidural abscess in this manner,

and if the neurological status deteriorates, the treating physician should not

postpone an appropriate surgical decompression (45).

In general, the presence of an epidural abscess, whether primary or

secondary, is a surgical emergency because of the high incidence of paraplegia

(8,12,23,24,29,37,49,50,54,60), especially in the thoracic spine (23,50). Even

in the presence of complete paraplegia, surgical decompression is not

contraindicated because significant recovery from neurological deficit is

attainable (7). The rate of recovery from complete paraplegia has been reported

to range from 23% to 67% (23,28,50,84). Surgical decompression should

be carried out immediately since the chances for recovery decrease significantly

in the presence of complete motor paraplegia for more than 48–72 hours

(7,47,48). In cases of severe paraparesis or paraplegia attributed to secondary

epidural abscess and=or kyphotic deformity, surgical intervention, including

anterior decompression and reconstruction with bone graft (preferably

autogenous rather than allograft), and instrumented posterior stabilization,

are highly recommended as the treatment of choice (23,29,85). It has

been shown that bone grafts can be incorporated in the presence of infection

(85) with radiographic evidence of fusion in an average of 6 to 8 months (3–15

months). Laminectomy alone in spondylodiskitis is contraindicated because

it may render the spine more unstable (40,50,84).

In the presence of primary epidural abscess, posterior decompression with

or without instrumented stabilization suffices in the majority of cases.

Surgery is also not contraindicated for patients who are moribund with

sepsis (50). Four of five of our patients who were septic as a result of epidural

abscess recovered completely after surgery and one died (7).

Small epidural abscess with mild neurological deficit can be successfully

managed with conservative treatment and close monitoring. However, the treating

physician must keep in mind that when an epidural abscess is managed in this

manner, a patient’s status may deteriorate suddenly and rapidly despite weeks of

antibiotic treatment (45).

Late surgical reconstruction is indicated in cases of disabling lower back

pain secondary to deformity, pseudoarthrosis, or instability (7).

VII. PYOGENIC FACET JOINT ARTHROPATHY

Uncomplicated cases involving the lumbar spine can be treated successfully

with fluoroscopically guided percutaneous drainage followed by 2 weeks of
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appropriate intravenous antibiotics and 6 weeks of oral antibiotics (12,17,19,86).

Percutaneous drainage in the cervical spine has not yet been attempted because of

the serious nature of cervical spinal infection. This method of treatment should

only be considered in cases not associated with epidural abscess formation,

neurological deficit, or sepsis. Otherwise, emergent open decompression is

indicated (8,12,23,24,29,37,49,50,54,60). Figures 7, 8 and 9 depict algorithmic

approaches to the treatment of pyogenic spinal infection.

Figure 8 Imaging diagnostic algorithm of conventional surgical procedures.
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(a)

(b)

(c)

(d)

Figure 9 Percutaneous transpedicular diskectomy. (a,b). Axial views. Right side (R),

diagrammatic demonstration of the guide pin and the entry point into the disk space; at the

entry of the pedicle is the position of the dilator and biopsy sleeve. (a) Left side (L),

depicits the toothed biopsy tool cutting a core of a bone from the pedicle and vertebral

body to allow the easy passage of the diskectomy forceps as seen in (b), left side. (c)

Lateral view: cephaled angulation through pedicle and subchondral plate of the toothed

biopsy tool. (d) The position of the biopsy tool external sleeve for the easy percutaneous

passage of the diskectomy instrumentation. (From Ref. 7.)
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VIII. ORTHOSIS

Immobilization is best achieved with a thoracolumbar sacral orthosis (TLSO). Its

purposes are to ensure patient comfort and to help maintain stability and

minimize deformity while the infection is resolving, over approximately 3

months (8). Subsidence of pain heralds the formation of a solid fibrous union.

With this conservative approach, ankylosis may take up to 2 years (15,25) and

occurs in only approximately 35% of cases. Several studies have shown that

mechanical back pain is frequently associated with conservative treatment (5,87).

Eighty-seven percent of the patients in our series had severe, disabling back pain.

Those who were treated surgically had a better clinical outcome than those treated

with antibiotics alone (26% residual back pain versus 64% residual back pain)

(23). This suggests that patients treated surgically fare better than those treated by

conservative means (7).

IX. DIET AND LIFE-STYLE

Diet and life-style have no bearing in the early stages of the disease process. Diet

should be tailored to allow maximal recovery rate of patients who are debilitated

by sepsis.

X. PHARMACOLOGICAL TREATMENT

After tissue biopsy is obtained, begin broad-spectrum antibiotics with a combina-

tion of clindamycin and levofloxacin until culture sensitivities are obtained. In the

presence of purulent epidural abscess (when the blood-brain barrier has been

breached), we recommend beginning with vancomycin and ceftazidime and then

switching to culture-specific antibiotics when sensitivities are available. Maintain

IV antibiotics for 4 to 6 weeks followed by oral antibiotics for up to 6 weeks, if

necessary. Continue until the ESR is less than 50% of the pretreatment value or

until the gallium radionuclide scan result is negative.

A. Clindamycin Hydrochloride (Cleocin)

1. Standard Dosage

A dosage of 900mg IV is administered every 8 hours for 6 weeks in adult

patients. Dosage modification may be required for patients with severe renal or

hepatic impairment. Modification of dosage is not necessary in mild to moderate

renal or hepatic dysfunction.

Hematogenous Pyogenic Infection of the Spine 359



2. Contraindications

Previous hypersensitivity to clindamycin is a contraindication to its use. Clin-

damycin should be used cautiously when patients have a history of gastrointest-

inal (GI) disease, particularly colitis.

3. Main drug interactions

Clindamycin has been noted to have neuromuscular blocking properties that may

increase effects observed with concomitant neuromuscular blocker therapy (e.g.,

tubocurarine, pancuronium).

4. Main side effects

GI side effects include nausea, vomiting, diarrhea, and abdominal pain, as well as

antibiotic-associated pseuodomembranous colitis. Morbilliform rash is the most

frequently reported adverse reaction. Phlebitis at the IV injection site has been

noted. Transient rises in liver function test levels have been observed during

therapy.

5. Special points

Onset of diarrhea should be investigated promptly. If antibiotic-associated

diarrhea is confirmed by appropriate tests (e.g., stool for Clostridium difficile

toxin), clindamycin should be discontinued and appropriate anti-infective therapy

(oral metronidazole or oral vancomycin) should be administered.

6. Cost-effectiveness

Drug acquisition cost for the recommended dosage and duration of therapy is

approximately $270; the total may vary slightly because of a number of factors.

B. Levofloxacin (Levaquin)

1. Standard dosage

Standard dosage is 500mg IV every 24 hours. The dosage may be switched to

oral therapy to obtain the same antibiotic serum level. The timing of this switch

must be individualized on the basis of the clinical status of the patient. Dosage

should be modified in the presence of renal impairment. Total duration of therapy

for IV, oral (PO) or IV=PO combined therapy is 6 weeks.
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2. Contraindications

Previous hypersensitivity to levofloxacin and=or other quinolone antibiotics is a

contraindication to use of lexofloxacin.

3. Main drug interactions

Antacids, sucralfate, calcium, magnesium, and iron-containing products signifi-

cantly reduce the oral absorption of levofloxacin. The oral drug should be given at

least 2 hours before or after these interfering agents. Levofloxacin generally

possesses a much lower liability for drug interaction when compared to older

quinolones such as ciprofloxacin.

4. Main side effects

Diarrhea, nausea, headache, and constipation are the most frequently observed

side effects in clinical trials. Insomnia, dizziness, vomiting, and rash are also

reported in 1%–3% of patients. Hypotension may result from too rapid IV

administration. The IV dosage should be given over at least 60 minutes.

Tendinitis and tendon ruptures have been reported.

5. Special points

Serum levels obtained with oral therapy are virtually identical to those achieved

with IV therapy at equal dosages. Therefore, the feasibility of switching to PO

therapy should be considered if the patient’s clinical status permits.

6. Cost effectiveness

At the recommended dosage and duration, the medication cost from IV therapy is

approximately $900; the cost of oral medication is approximately $240 and varies

as a result of a number of factors. Substantial saving can be realized with oral

therapy if it is appropriate for the individual patient.

C. Ceftazidime (Fortaz, Fazidime)

1. Standard dosage

Standard dosage is �2 g IV every 8 hours for 6 weeks for adult patients with

normal renal function. The dosage must be modified in the presence of renal

dysfunction or creatine clearance below 50mL=min.
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2. Contraindications

Previous hypersensitivity to cephalosporins and penicillins contraindicates its

use. Use with caution when patients have a previous history of type I hypersen-

sitivity reactions to penicillins.

3. Main drug interactions

Aminoglycoside may result in additive or synergistic antibacterial activity against

a number of gram-negative organisms when used in combination.

4. Main side effects

Diarrhea, nausea, vomiting, and antibiotic-associated pseuodomembranous colitis

may be observed. Hypersensitivity reactions have been reported in 1%–3% of

patients. Transient elevations of liver function test levels have been reported in

less than 2% of patients. Local reactions such as phlebitis and=or pain at the

injection site have been noted.

5. Special points

Ceftazidime may cause overgrowth of nonsusceptible organisms such as Candida

spp., S. aureus, Enterococcus, spp., Enterobacter spp., or Pseudomonas spp.

Therefore, careful observation is required for evidence of suprainfection.

6. Cost-effectiveness

At the recommended dosage and duration, the medication cost is approximately

$1960; it varies as a result of a number of factors.

D. Vancomycin (Various Products)

1. Standard dosage

Dosage is 1 g IV every 12 hours for 6 weeks in adult patients with normal renal

function. In the elderly and in patients with impaired renal function, the

appropriate dosage and interval should be determined by vancomycin serum

levels. A dose of l g or less should be administered over 60 minutes; a dose

greater than 1 g should be administered over at least 90 minutes.

2. Contraindications

Known hypersensitivity to vancomycin contraindicates use. Use with caution in

the presence of renal dysfunction or history of previous hearing loss and for

elderly adults. Results of appropriate tests of renal function, auditory function,

and vancomycin serum levels should be monitored as appropriate throughout the

course of therapy.
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3. Main drug interactions

Because of its potential for additive nephrotoxicity and=or ototoxicity, vanco-

mycin should be used with caution in combination with other known nephrotoxic

or ototoxic drugs (aminoglycosides, amphotericin B, cisplatin, loop diuretics).

4. Main side effects

Ototoxicity and nephrotoxicity are the chief side effects. Pain and thrombophle-

bitis occur with IV administration. If a prolonged course of therapy is anticipated,

placement of a central line (a peripherally inserted central catheter [PICC] or

midline) should be considered for vancomycin administration. Various rashes

including urticaria, macular rashes, and exfoliative dermatitis have been reported.

‘‘Red man syndrome,’’ consisting of a decrease in blood pressure accompanied by

flushing or rash on the face, neck, and upper extremities, can occur with rapid IV

infusion (see earlier discussion), leukopenia, and, rarely, thrombocytopenia.

Antibiotic-associated pseuodomembranous colitis has been reported.

5. Special points

Prolonged therapy with vancomycin requires careful patient monitoring. It is

important that renal and=or auditory function be monitored on a scheduled basis.

Vancomycin serum levels should be used to monitor and modify dosage as

required.

6. Cost-effectiveness

Drug acquisition cost for the recommended dosage and duration of therapy is

approximately $485 and may vary.

XI. SURGICAL TREATMENT

Minimally Invasive Surgery

Uncomplicated spondylodiskitis

Percutaneous Transpedicular Diskectomy

Standard procedure. A modified Kambin-Craig large-bore trephine is

inserted, under fluoroscopic guidance, through the pedicles and superior endplate

of the lower infected vertebra into the infected intervertebral disk. Through the

cannulated sleeve of the biopsy tool, extraction of infected disk tissue is

performed by using a diskectomy forceps. These tissue samples are sent for

histopathological and bacterial studies. Then, an automated nucleotome is used to

evacuate the infected disk tissue (39). Antibiotic lavage is then carried out for a
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period of 48 hours through drains inserted into the pedicle holes (Figs. 9a,b,c,d

and 10a,b).

Complications. The usual surgical risks prevail.

Contraindications. Severe neurological deficit such as paraplegia or

paraparesis due to epidural abscess contraindicates the procedure, which is also

contraindicated in the presence of deformity secondary to bony loss. In these

cases, open surgical decompression and realignment are indicated.

Special points. Spondylodiskitis normally heals itself, but it can cause

epidural abscess and bone destruction leading to paraplegia, deformities, and

often pain. Débridement of these infections at an early stage can accelerate

natural healing and prevent progression to bone destruction and neurological

(a) (b)

Figure 10 (a) Sagittal T2-weighted magnetic resonance (MR) image of the lumbar spine

in a 38-year-old woman that demonstrates changes typical of spondylodiskitis with a small

epidural component. (b) Sagittal T2-weighted MR image of the lumbar spine, 2 months

postoperatively, showing resolution of the infection without kyphosis. The diskectomy

accelerated the natural process of healing and prevented kyphotic deformity.
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complications. The large tissue sample increases the chance of positive culture

findings. The majority of patients treated in this manner experience a decrease in

symptoms and stabilization or resolution of neurological deficits within 24 hours.

It can be used for patients who are high-risk surgical candidates because of either

systematic effects of the spinal infection or preexisting medical problems.

Cost-effectiveness. The procedure is less costly than open surgical

procedures and can be done in the radiology suite as well as the operating

room. It is more expensive than computed tomography (CT)-guided biopsy but

yields more positive culture results. In contrast to CT-guide biopsy, it is

therapeutic as well as diagnostic.

Iliopsoas abscess

Percutaneous computed tomography–guided drainage

Standard procedure. A large-bore spinal needle is percutaneously

inserted, under CT guidance, into the abscess. The abscess is then aspirated

and sent for culture analysis. Next, an obturator, through which a drain is inserted,

is placed, allowing continued drainage of the abscess for 5 to 7 days. This

procedure can be performed with percutaneous transpedicular diskectomy.

Complications. Complications have not been encountered in our experi-

ence; potentially complications are minimal.

Contraindications. Severe neurological deficit such as paraplegia, para-

paresis, or canal compromise due to epidural abscess contraindicates its use, as

does the presence of the deformity secondary to bony loss. In these cases, open

surgical decompression and realignment are indicated.

Special points. The procedure is minimally invasive. It is useful as

treatment modality, as an adjunct to medical conservative treatment, when

iliopsoas abscess is present. It is effective as open drainage, but with far less

associated morbidity.

Cost-effectiveness. It is less costly than open drainage.

Pyogenic facet arthropathy

Percutaneous fluoroscopically guided drainage

Standard procedure. A modified Kambin-Craig large-bore trephine is

percutaneously inserted under fluoroscopic guidance into the facet capsule. The

abscess is then aspirated and sent for culture testing. A drain may be inserted

through the trephine for continuous drainage.

Complications. The usual surgical risks prevail.
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Contraindications. Neurological deficit secondary to epidural abscess is a

contraindication to use. We do not recommend this procedure for pyogenic facet

joint infection of the cervical spine.

Special points. Minimally invasive and effective, it is associated with less

morbidity than open drainage.

Cost-effectiveness. It is less costly than open surgical drainage.

Conventional Surgical Procedures

Primary epidural abscess

Posterior decompression-laminectomy

Standard procedure. Through a posterior approach, perform a midline

laminectomy including all levels harboring epidural abscess. If decompression is

judged to be destabilizing, then augment with posterior fusion and instrumentation.

(a) (b)

Figure 11 (a) Spondylodiskitis complicated by an anterior epidural abscess that resulted

in complete motor paraplegia. (b) The patient was treated within 6 hours of the onset of

paraplegia by means of anterior decompression reconstruction with autologous iliac bone

graft strut, posterior stabilization, and autologous bone graft. The patient recovered

completely from paraplegia.
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(a)

(b)

Figure 12 (a) T1-weighted contrast-enhanced MRI-sagittal view demonstrating an

epidural abscess secondary to spondylodiskitis at the T5–T6 level producing a severe

neurological deficit. (b) The spine was decompressed through an anterior approach; an

autogenous rib graft was used. (c) Posteriorly, the spine was stabilized by means of

Varigrip Instrumentation that maintained the correction until consolidation was completed.

MRI, magnetic resonance.
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Complications. The usual surgical risks prevail.

Contraindications. There are no contraindications; in the presence of

neurological deficit, surgery is indicated, even for a morbid patient.

Special points. It is effective for treatment of a primary epidural abscess,

which is usually located in posterior epidural space. Sepsis, paraplegia, or severe

paraparesis is an indication for immediate surgical intervention. Surgical delay

may lead to irreversible paraplegia.

2. Secondary epidural abscess with deformity, with or without
neurological deficit

a.) Anterior débridement and neural decompression with posterior instru-

mentation for stabilization and=or deformity correction

Standard procedure. Through an anterior approach (retroperitoneal,

transthoracic, or anterior cervical), débride devitalized disk and bone, decompress

neural elements, and place an autogenous graft. The second stage of the

(c)

Figure 12 continued
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procedure includes a posterior approach and instrumentation for deformity

correction. The second stage can be done in the same setting after the anterior

procedure or at later date, if conditions warrant (Fig. 12a,b).

Contraindications. No definite contraindications prevail. The procedure

may be contraindicated if a patient has serious comorbidity, or if he or she has

complete paraplegia for more than 72 hours. In this situation, medical manage-

ment along with minimally invasive surgery is an alternative, but less desirable,

option.

(a) (b)

Figure 13 (a,b,c) spondylodiskitis (T11–T12). (a) Lateral radiography demonstrating a

severe post spondylodiskitis (T11–T12) symptomatic kyphotic deformity that complicated

a successful eradication of the infection with intravenous antibiotics. (b) Sagittal T1-

weighted magnetic resonance image shows the kyphotic deformity compromising the

thecal sac. (c) Lateral radiograph showing correction of the deformity by means of anterior

corpectomy, reconstruction with femoral allograft, and anterior and posterior stabilization.
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Complications. The usual surgical risks prevail.

Special points. It is indicated for patients with secondary epidural

abscess causing compression. There are no contraindications due to sepsis.

Patients with severe bone destruction fare better with surgery than those with

medical treatment alone. Results are rewarding, even in cases of complete

paraplegia, if treatment is instituted early. If secondary frank epidural abscess

involves the posterior epidural space, laminectomy alone may be indicated in the

absence of anterior bone destruction.

3. Disabling back pain or neural compression caused by post-
infectious deformity or pseudoarthrosis

a.) Anterior osteotomy, deformity correction, bone graft, instrumentation

staged with posterior instrumentation for stabilization and maintenance of

correction

(c)

Figure 13 (continued )

370 Hadjipavlou et al.



Standard procedure. This procedure has three stages. First, with the

patient prone, osteotomize ankylosed bone through a posterior approach at the

level of kyphosis and prepare for instrumentation. The wound is loosely closed.

Then, a second-stage procedure is performed at the same or at a different time

within a week, depending on the patient’s condition. This second-stage procedure

involves osteotomization or excision of the ankylosed spine through an anterior

approach with the patient in the lateral decubitus position. Next the third-stage

procedure is performed. With the help of another surgical team, the posterior

wound is reentered and a correction of deformity is performed simultaneously

through the anterior and posterior approaches. An allograft or autograft is placed

anteriorly to bridge the gap of the excised kyphus, and posterior spinal

instrumentation is placed to maintain the corrected deformity (Figs. 13a,b,c).

Contraindications. High-risk surgical patients should not have this

procedure, which is a major surgical reconstruction.

Complications. Neurological injury, pseudoarthrosis, and failure of

instrumentation may occur.

Special points. It is indicated for patients who have disabling back pain

secondary to pseudoarthrosis or instability and for patients who have a neuro-

logical deficit due to increased kyphotic deformity.

XII. SUMMARY

Hematogenous pyogenic infection of the spine has been labeled spondylitis,

diskitis, spondylodiskitis, vertebral pyogenic osteomyelitis, pyogenic spinal

infection, and vertebral osteomyelitis associated with disk space infection,

creating confusion in nomenclature. All of these are different entities with a

wide spectrum of infection. Some of these, such as diskitis, may also represent

different stages of the same disease process, called spondylodiskitis. In our series,

infection limited to the disk space (diskitis) or the vertebral body (spondylitis)

occurred only at a rate of 1% of all spinal infections; most (95%) cases were

spondylodiskitis, suggesting that spondylodiskitis is the major part of a spectrum

of spinal infections. Pyogenic facet arthropathy infection rates range from 1% to

6%. Epidural abscess associated with spondylodiskitis, known as secondary

epidural abscess, occurred at a rate of 33% of all spinal infections in our series.

When found independently of spondylodiskitis, it is called primary epidural

abscess and was present in only 2% of all spinal infections. The most common

organism is Staphylococcus aureus; rates range from 42% to 84%. Culture

findings are expected to be negative in 24.4% of cases. Many spinal infections are
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preceded by infection elsewhere or intravenous drug abuse; they are more likely

among immunocompromised hosts. Leukocyte count and sedimentation rates are

not sensitive diagnostic tests, but when levels are elevated they may serve as red

flags suggesting a more serious infection, such as an epidural abscess. Involve-

ment of the cervical spine has a high tendency for epidural abscess formation

(90%), whereas epidural abscess in the thoracic spine has an 82% rate of dreadful

neurological complications (paraplegia=paraparesis). Twenty-three percent of

patients with epidural abscess recovered completely, 7.7% partially; the mortality

rate was 7.7%. Both MRI and radionuclide imaging (gallium scan) are very

sensitive tools for the diagnosis of spinal infections. MRI provides more accurate

anatomical details, and gallium scan is cost-effective for assessing the progress of

the infectious process. The cornerstone of therapy for uncomplicated spondylo-

diskitis is intravenous followed by oral antibiotics, along with bracing. However,

patients treated surgically (26% residual pain) had better pain relief than those

treated conservatively (64% residual pain). Surgeries include the following: (1)

minimally invasive surgery (percutaneous transpedicular diskectomy) for uncom-

plicated spondylodiskitis (i.e., no deformity or neurological deficit), (2) percuta-

neous CT-guided drainage for uncomplicated facet pyogenic arthropathy and

iliopsoas abscess, (3) laminectomy for primary epidural abscess, (4) anterior

decompression and fusion with posterior instrumentation for spondylodiskitis

complicated by deformity and=or neurological deficit, and (5) late reconstruction

for back pain and deformity caused by a remote spinal infection.
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I. INTRODUCTION

Infection of the spine can complicate any invasive diagnostic spinal procedure or

surgery whether noninstrumented or instrumented, and, generally, its incidence

increases with the complexity of the operation (1).

Postoperative spinal infections can be thought of as two mainly different

and distinct entities: infection without spinal instrumentation, particularly after

diskectomy, and infection after spinal instrumentation. Postoperative infection of

the spine after instrumentation may be manifested as an early or late (delayed)

complication. Early infection is not an uncommon complication and, if not treated

promptly and appropriately, may have significant implications. Delayed spinal

infection after elective spinal instrumentation and fusion is uncommon, and the

diagnosis is frequently challenging (2).

Complications of postoperative spinal infections can be classified into three

categories: local complications, general complications, and socioeconomic

problems. Postoperative spinal wound infection can have devastating conse-

quences, from enormous social implications to jeopardy to the patient’s life.

The best treatment is prevention, by paying special attention to the so-called

reversible risk factors. Successful outcomes in terms of restoring the purpose of

the original surgery can be achieved by prompt diagnosis and appropriate

treatment, as we attempt to outline in this chapter.
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We first address the postoperative infection after diskectomy, then the early

postoperative infection after spinal instrumentation, and, last, the late or delayed

instrumented spinal infections. Suggested treatment options are based on avail-

able medical reports.

A. Socioeconomic Problems

The magnitude of the socioeconomic problem of spinal infections is enormous;

consequently, the reduction of infection rates is of paramount importance (3).

The prognosis of diskitis varies markedly in different series. Clinical

studies generally support the concept that when treatment is instituted early in

the process of infection the prognosis is definitely better (4,5).

Available clinical studies indicate that after spondylodiskitis complicating

diskectomy, 50% to 87.5% of patients were unable to resume their previous

occupation (6–10).

The socioeconomic aspect of postoperative spinal instrumentation infec-

tions was well outlined in a prospective, multicenter study by Thalgott and

associates (11). For mild infections, necessitating only one surgical débridement-

irrigation treatment, the average hospital stay was 14 days (ranging from 8 to 28

days) with an average hospital cost of $42,000 (ranging from $14,000 to

$87,000). In more severe infections, the patients required multiple hospital

admissions and an average of three surgeries per patient (ranging from one to

seven) to resolve their infections. The average hospital stay was 51.6 days

(ranging from 8 to 180 days), and the average hospital cost was $128,000
(ranging from $10,500 to $778,000).

Patients with severely infected wounds, with extensive tissue damage and

myonecrosis (group III), required an average of six surgeries per patient (ranging

from four to eight) and eventually necessitating muscle flaps for closure. The

average hospital stay was 77.5 days (ranging from 65 to 90 days), and the average

hospital cost was $437,000.

II. RISK FACTORS

There are several risk factors that predispose a patient to postoperative spinal

infection, particularly to early postoperative spinal infection after spinal instru-

mentation. To a lesser extent, however, these factors may also play a role in late

infections and infections after noninstrumented spinal surgery, particularly after

diskectomy. On the basis of available reports (11–18), the medical conditions

widely accepted as risk factors are listed in Table 1.

The surgical approach also has an important bearing on surgical infections.

The infection rate for spinal instrumentation through an anterior approach has

been reported to range between 0% and 0.1% (13,18), as opposed to a relatively

high infection rate when the posterior approach for instrumentation was used
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(13). It is postulated that the extensive surgical exposure required for posterior

instrumentation, compounded by prolonged retraction of the paraspinal muscles

(large retractors, etc.), renders the soft tissue avascular and devitalizes the

paraspinal muscles. The ensuing liquefaction necrosis predisposes the tissue to

colonization by contaminated microorganisms, which eventually leads to sepsis.

Long surgical time (over 5 hours) and a high volume of blood loss (mean volume

1620mL) (14,19) have also been implicated as risk factors for the development of

postoperative infections. The presence of relatively large numbers of people in or

moving through the operating room during spine surgery is also a consideration.

The number of colony-forming units per cubic foot has been shown to be almost

proportional to excessive traffic and number of persons in the operating room

(20,21).

A history of previous surgery was noted in 37% of infected cases in one

report (1). Additionally, biomaterials may make the adjacent tissues susceptible to

both immediate and delayed infection by impeding host defense mechanisms

(22), suggesting that the presence of instrumentation may be a risk factor by itself

Table 1 Risk Factors Predisposing to Spinal Surgical Wound Infections

Preoperative factors

Concomitant infections—acute or chronic (skin, visceral, pressure sores, etc.)

Immunocompromised host (cancer, chemotherapy, HIV, etc.)a

Corticosteroid therapy

Rheumatoid arthritis

Advanced age

Obesity

Malnutrition

Diabetes mellitus (uncontrolled)

Smoking

Previous spinal surgery

Cardiovascular disease

Intraoperative factors

Posterior spinal instrumentation greater than anterior

Prolonged duration of surgery (more than 5–7 hours)

High-volume blood loss (average 1600mL)

High-volume operating room personnel traffic

Violation of sterile conditions

Use of allograft

Postoperative factors

Paralysis (incontinence, genitourinary infections, etc.)

Prolonged hospital bed rest

Skin maceration (dressing, orthosis, etc.)

Contamination of wound drains

a HIV, human immunodeficiency virus.
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(23). This instrumentation may protect inoculated microorganisms, allowing them

to form a nidus of infection, making treatment more difficult.

The length of the patient’s hospital stay may also be a risk factor for

infection. An extended preoperative hospital stay leads to colonization of the

patient with hospital flora, which may increase the incidence of postoperative

infections (24). Additionally, the patient’s nutritional status may be a risk factor

for postoperative infection. One study reports that the prevalence of nutritionally

challenged patients undergoing elective spinal surgery was noted in 25% of cases,

with a higher number (42%) encountered in the older population group (25).

Preoperative nutritional status is an extremely significant independent predictor of

postoperative complications in patients undergoing elective lumbar spinal fusion;

85% of postoperative infectious complications were noted in malnourished

patients in one report (26). Weight loss greater than 10 lb should be considered

indicative of malnutrition. Finally, diabetes mellitus has been widely accepted as a

risk factor for infection; however, a 2000 study challenges this conclusion (27).

Uncontrolled diabetes mellitus, particularly when associated with cardiovascular

or renal complications, should be considered as a potential risk factor. It seems

that the presence of more than two or three risk factors predisposes the patient to

infection (13).

III. LABORATORY INVESTIGATIONS

This section discusses some laboratory investigations that conventionally have

been considered useful in the management of infections and addresses their

response in reference to spinal infections.

A. Erythrocyte Sedimentation Rate

In the majority of patients, erythrocyte sedimentation rate (ESR) increases to peak

levels about 4–5 days after surgery (28,29), followed by a slow and irregular

decrease, usually with a return to normal after 2 weeks (28). However, ESR may

remain elevated even 21–42 days after surgery (29). More specifically, the

maximal mean peak values seen 4 days after disk surgery were 45–75mm=h
(5,28,29) and exceeded 100mm=h after spinal fusion (28). When deep wound

infection complicates spinal surgery, ESR values exceed the corresponding mean

values by þ2 SD. In delayed spinal infection, ESR was elevated in 87.5% of

cases, averaging 57mm=h.

B. C-Reactive Protein

The normal values for C-reactive protein (CRP) are usually less than 10mg=L
(mg=mL). These values can increase to certain peak levels, without reflecting
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infection, after different types of spine surgery, such as microdiskectomy

(46� 21mg=L), anterior fusion (70� 23mg=L), conventional diskectomy

(92� 47mg=L), and posterolateral intertransverse fusion (173� 39mg=L).
These values reach peak levels on the second and third postoperative days and

tend to normalize in 5–14 days. The expected rapid decline in CRP is often

interrupted by a second rise or CRP level remains persistently elevated if

infection supervenes (30). CRP may be a better index than erythrocyte sedimen-

tation rate for early detection of postoperative infection (30).

C. White Blood Cell Count

White blood cell count (WBC) usually is not expected to show any changes after

uncomplicated spinal surgery, even in the presence of infection. Usually, this test

is not a reliable index of infectious activity. Total WBC was found to be slightly

elevated in only 20% of patients with acute postoperative spinal infection (28)

and in 25% of patients with delayed postoperative infection after instrumentation

(2).

D. Tissue Cultures

Tissue cultures usually yield the offending organism (13). According to different

reports, the most commonly isolated microorganism for early infections is

Staphylococcus aureus, with an incidence of instrumented spinal infections

ranging from 50% to 63%. Multiple organisms are isolated in approximately

20% to 52%, and no growth in 10% (1,13,14) (Table 2).

However, for delayed infection after spinal instrumentations, the flora are

typically different, characterized by apparently low-virulence organisms such as

Staphylococcus epidermidis and Proprionibacterium acnes with negative culture

finding rates ranging between 0% and 12.5% (Table 3).

E. Imaging Resources

Reports indicate that magnetic resonance imaging (MRI) alone, at least in the

early stages, is not a good diagnostic tool for infection complicating diskectomy

(5,31).

Computed tomography (CT) scan and MRI may not play a major diagnostic

role in the presence of metallic implants but may be useful to indicate whether

epidural abscess or diskitis is complicating the infection. For more details, see

Chapter 12.

Scintigraphy has been widely used in joint infections (32). However, more

emphasis is given to the clinical diagnosis in this situation and radionuclide

testing should not create unnecessary delays of treatment. Radionuclide imaging
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Table 2 Most Common Microorganism in Early Spinal Infection

after Instrumentation

Microorganism Authors

Staphylococcus aureus

53% Levi et al. 1987 (13)

17% Dall et al. 1987 (4)

6% Sponseller et al. 2000 (16)

63% Weinstein et al. 2000 (1)

54.5% Massie et al. 1992 (14)

Staphylococcus epidermidis

50% Dall et al. 1987 (4)

36% Massie et al. 1992 (14)

Gram-negative

40% Massie et al. 1992 (14)

30% Dall et al. 1987 (4)

43% Sponseller et al. 2000 (16)

Polymicrobial

29% Levi et al. 1987 (13)

19% Weinstein et al. 2000 (1)

59% Massie et al. 1992 (14)

52% Sponseller et al. 2000 (16)

25% Dall et al. 1987 (4)

No organism

16% Dall et al. 1987 (4)

4.5% Weinstein et al. 2000 (1)

6% Levi et al. 1987 (13)

Table 3 Offending Organism in Delayed Infections

Viola et al.

(2)

Richards

(23)

Heggeness

et al. (100)

Schofferman

et al. (104)

Staphylococcus epidermidis 75% 20% 16.6% 43%a

Proprionibacterium ances 12.5% 50% 16.6%

Streptococcus morbillorium 16.6%

Staphylococcus aureus 50%

Micrococcus varians 10%

Diphtheroids 57%a

Coagulase-negative

staphylococcus spp.

10%

No growth 12.5% 10% 0% 0%

a Polymicrobial with predominant diphtheroids or Staphylococcus epidermidis.
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after removal of hardware is a useful tool for assessing the treatment and

evaluating the infectious process (32).

F. Test for Nutrition Status

Lymphocyte count and serum albumin levels are good indices of nutritional

status; therefore, these tests should be performed before any major elective

surgery (17). Serum albumin level less than 3.5 g=dL and total lymphocyte count

less than 1500–2000 cells=mm3 are considered to represent clinical malnutrition

(3,33,34).

Additional tests that can be helpful to evaluate the nutritional status include

creatinine height indices, transferring levels, height-to-weight ratios, and skin fold

thickness (3,35).

G. Other Tests

A blood culture, widely accepted as a good and reliable test, should be obtained

in the presence of spiking fevers.

IV. POSTDISKECTOMY LAMINECTOMY INFECTION

Diskitis or spondylodiskitis (for appropriate terminology see Chapter 12) may

have serious implications and therefore should be treated expeditiously. Unfortu-

nately, spondylodiskitis after diskectomy is frequently missed or detected too late

because of false interpretation of postoperative clinical presentation (29).

Most reports indicate infection rates less than 1% (Table 4), which increase

with the addition of fusion (without instrumentation) to between 2.4% and 6.2%

(1,36). With instrumentation, the incidence of infection is even higher (see Sec.

V).

The influence of the use of microscopes on the rate of postoperative

spondylodiskitis is a moot point. Some authors have demonstrated a negative

impact of increasing the infection rate from 0% to 25% (26) and even higher to

5% (24). Others have claimed a positive influence of reducing the infection rate

from 2.8% to 0.4% (37).

Minimally invasive surgery, such as percutaneous diskectomy, seems to

have a lower incidence of infection, ranging from 0% to 0.26% (38,39), and these

infections usually resolve without sequelae (38). The rate of disk space infections

after other diagnostic or therapeutic procedures, such as diskography or chemo-

nucleolysis, was reported to be 2.3% (40,41).
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Most of the older reports, however, may not reflect the exact incidence of

postdiskectomy infection because of the retrospective nature of the studies and

compromised diagnostic accuracy due to lack of availability of MRI facilities.

A. Clinical Manifestation

The onset of postdiskectomy diskitis symptoms usually occurs at 15–27 days

(averaged days) after an apparently uneventful operation (4,5,42–44).

One clinical study (29) assessed four clinical parameters commonly used

for evaluating infection and noted that, in 97% of patients after an uneventful

diskectomy, CRP values were less than 2.5 mg=mL, ESR values were less than

45mm=h, temperature was less than or equal to 37:5�C, and MRI findings (in the

first 10 days) were normal. Therefore, changes beyond these values should serve

as a ‘‘red flag’’ for possible postoperative diskitis (29). According to one report,

the ESR averaged 60mm=1st hour at the time of diagnosis of diskitis.

B. Pathogenesis

The infection is assumed to be the result of a direct contamination of the

avascular disk space at the time of surgery, most likely by skin flora or the

environment. It was observed that retrodiskal infection might also lead to diskitis

(29).

On the basis of animal experiments, Fraser and colleagues (45) postulate

that after a period of approximately 6 weeks a disk infected with Staphylococcus

aureus may become ‘‘aseptic.’’ They demonstrated that vascular granulation

tissue from the subchondral bone invades, absorbs, and controls the infectious

process. This mechanism may explain the relatively mild course of some cases of

Table 4 Reported Infection Rates after Conventional Diskectomy

Complication rate Authors

3.0% Pilgaard 1969 (8)

3.1% Weight 1970 (117)

0.6% Horvitz et al. 1975 (36)

0.8% El-Gindi et al. 1976 (49)

0.75% Lindholm and Phylkkanen 1982 (7)

0.7% Puranen et al. 1984 (8)

5.0% Leung 1988 (118)

0.6% Heller et al. 1992 (24)

3.7% Rodhe et al. 1998 (44)

0.86% Weinstein et al. 2000 (1)
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spondylodiskitis, which may not require any treatment with antibiotic therapy. It

is well known that not infrequently primary hematogenous pyogenic spondylo-

diskitis may lead to epidural abscess and sepsis with devastating consequences,

including death (46).

It is our distinct impression that secondary postdiskectomy infection has a

less aggressive course than primary hematogenous spondylodiskitis, which is

subject to higher risk factors (47). Reports also indicate that spondylodiskitis in

the lumbar region has a lower rate of neurological complications as compared to a

more cephalad involvement (46).

C. Management

Conventional wisdom dictates that samplings from the lesion (biopsy or aspirate)

should provide the best diagnostic confirmation of infection (46,48–50). Oppo-

nents of this idea (5,8) argue that, since Staphylococcus spp. are by far the most

common offending organisms, there is no need for diagnostic sampling and

therefore antibiotic treatment can be instituted empirically.

There is no consensus of opinion as to the most effective use of antibiotics

in the treatment of postoperative spondylodiskitis. Intravenous (IV) antibiotics

that have been successfully used alone include tobramycin, cephazolin, clinda-

mycin, and cephalothin (51,52). Antibiotics used successfully in combination

include methicillin, nafcillin, rifampin, cephazolin, penicillin, vancomycin, and

cephalothin. Intravenous antibiotics are given for an average of 4–6 weeks,

followed by oral administration if necessary (4,5,17,44) (Table 5). When treat-

ment with IV antibiotics is instituted early, the ESR predictably falls to normal

values within almost 90 days (4).

In the first author’s series, we have encountered four cases of postdiskect-

omy laminectomy infection (1.3%). Two cases were complicated with pyogenic

spondylodiskitis and epidural abscess, caused by Serratia marcescens. One of

these patients underwent microdiskectomy at the L5-S1 level. The other patient

had microlaminectomy and foraminotomy at the L4-L5 level for spinal stenosis.

Within the first week, both cases were complicated with an epidural abscess. In

the first case, there was also an associated spondylodiskitis. The second case was

subsequently complicated with spondylodiskitis, suggesting that the infection

spread from the epidural space to the intervertebral disk space. A similar

observation was previously reported by others (29). Both cases were treated

successfully with a combination of surgery and antibiotics. Surgery was

performed approximately 10 days after the original operation (débridement-

irrigation and closure over drains for 3 days) and antibiotics were administrated

intravenously for 6 weeks and then orally for another 6 weeks. The other two

cases were complicated by infection confined to the disk space. Both patients had

a concomitant remote infection. One suffered from prostatitis (Escherichia coli),
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and the other from infected facial acne (Staphylococcus aureus). We have been

using cefuroxime (a second-generation cephalosporin), 1.5 g IV, just before

induction of anesthesia, and 750mg IV 6 hours after surgery in the recovery

room, as a routine prophylactic antibiotic. This antibiotic was not expected to

cover the organism in the first three cases and probably was ineffective in the

fourth case. The last two cases should have been treated prophylactically with

more specific and culture-directed antibiotics.

On the basis of available reports (29) and our experience with the

management of hematogenous pyogenic spondylodiskitis (46,48,53) and post-

operative infections (41), we recommend the following guidelines for the

management of postdiskectomy infections (Fig. 1):

If the infection is confined to the disk space, one may elect a conservative

treatment with IV antibiotics (29), unless it fails (7,8,46,49).

If the infection spreads to form a retrodiskal abscess (epidural abscess), we

recommend a more aggressive approach with surgical drainage, débri-

dement, and irrigation as the treatment of choice (29,46,50,54).

Minimally invasive surgery, such as transpedicle diskectomy and drainage

of infection, has proved to be a cost-effective treatment in the manage-

ment of primary hematogenous pyogenic diskitis, provided it is not

complicated by a serious neurological deficit or destructive bony lesions

(46,54).

Most available reports advocate some type of immobilization by means of

either bed rest until the patient is comfortable (7,44,50) or orthotic

Figure 1 Management of spinal infection without instrumentation.
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devices (50). We recommend the use of rigid or semirigid orthosis until

fibrous or bony ankylosis takes place.

Finally, we recommend interbody fusion, when conservative treatment,

débridement-irrigation, or transpedicle diskectomy fails (54).

V. EARLY POSTOPERATIVE SPINAL INFECTION AFTER
INSTRUMENTATION

By far the most common infections encountered after spinal instrumentation

surgery are superficial and deep wound infections (13). Fortunately, less common

complications are osteomyelitis, diskitis (spondylodiskitis), epidural abscess,

infected meningocele with or without cerebrospinal fluid leak, meningitis,

sepsis, and even death (19). In general, epidural abscesses complicating spinal

surgery represent 16% of all presentations (55).

With the advent of spinal implants, infection has become more prevalent,

with reported rates reaching as high as 20%, but averaging 7.24% (Table 6).

A. Pathogenesis

The organism may have been inoculated during surgery and any number of

sources may be responsible. The source of gram-negative organisms is a matter of

speculation (14). Polymicrobial infections are more likely to inoculate the wound

either at the time of surgery or secondarily through drains and wound contam-

ination in the presence of urinary bladder or bowel incontinence.

The most commonly isolated organisms are gram-positive; Staphylococcus

aureus is the most common organism, with incidence rates ranging from 50% to

75%, followed by Staphylococcus epidermidis with incidence rates ranging from

11% to 50%. Negative culture findings are not unusual (10%–16%) and multiple

organisms are found in approximately 20% to 59% of infections (1,4,13,14,16)

(Table 2).

In paraplegic patients, the flora seem to be different: gram-negative

organisms (Enterobacter spp., 35%, Escherichia coli, 28%, Proteus spp.,

Acinetobacter spp., and Pseudomonas spp.) are seen as often as gram-positive

organisms (coagulase-negative Staphylococcus spp., 50%, Enterococcus spp.,

Streptococcus spp., and Staphylococcus aureus) and are polymicrobial in 50% of

cases (16). Arguably, the presence of enteric organisms suggests fecal contam-

ination (16).

B. Clinical Manifestation

The most common clinical presentation is partial wound dehiscence associated

with drainage of fluid that may or may not appear purulent, approximately 15 to
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17 days after surgery (ranging from 4 to 80 days) (1,14,17,19) (see also risk

factors). Other common manifestations are pain and redness around the wound.

Fever is uncommon (2,13) and, at most, pyrexia at presentation was reported in

30% of cases (1). Unexplained hyperglycemia in diabetic patients, malaise,

exacerbation of back pain, and sweat and chills, particularly at night, are

important clues for prompt diagnosis of suspected infection (14). The mean

age ranges from 44 to 57.2 years (17,19). We would like to emphasize that

usually early diagnosis is established on clinical grounds.

Table 6 Reported Infection Rates for Spinal Surgery after

Posterior Instrumentation

Complication rate Authors

11.0% Tamborino et al. 1964 (119)

20% Moe 1967 (62)

8.0% Levine et al. 1970 (120)

4.0% Keller and Pappas 1972 (61)

8.0% Kostuik et al. 1973 (121)

9.3.% Lonstein et al. 1973 (70)

13% Swank et al. 1979 (122)

8.0% Swank et al. 1981 (123)

9.0% McCarthy et al. 1986 (124)

6.0% Roy-Camille et al. 1986 (52)

6.0% Luis et al. 1986 (125)

7.0% Micheli et al. 1986 (126)

0% Allen and Ferguson 1988 (127)

6.0% Zuckerman et al. 1988 (128)

0% Gurr and McAfee 1988 (129)

6.0% Thalgott et al. 1989 (130)

7.5% Whitecloud et al. 1989 (131)

4.0% Esses and Saches 1991 (132)

11.9% Kretzler and Banta 1992 (133)

2.6% Davne and Meyers 1992 (102)

6.0% Massie et al. 1992 (14)

3.7% Abbey et al. 1995 (57)

3.6% Wimmer and Gluch 1996 (101)

9.7% Perry et al. 1997 (134)

7.2% Levi et al. 1997 (13)

8.7% Szoke et al. 1998 (65)

4.6% Aydinly et al. 1999 (135)

3.2% Picarda et al. 2000 (136)

12% Sponseller et al. 2000 (16)

7.24% Average
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C. Pseudoarthrosis and Spinal Infection

Available reports tend to indicate that, in contrast to delayed infection after spinal

instrumentation, in which increased rates of pseudoarthrosis are observed, early

infections do not significantly alter the rate of pseudoarthrosis (1,17,19). One

report, however, implicated the use of an allograft and extension of the graft mass

to the sacrum as a risk factor for pseudoarthrosis (56).

VI. TREATMENT

The most appropriate surgical method for managing early wound infection after

spinal instrumentation has been widely debated. For this reason we attempt here

to analyze the different concepts and methods of treatment in an objective

fashion.

The surgical management of early spinal infections after instrumentation is

divided into two different camps. One group thinks that the presence of spinal

instrumentation precludes successful treatment of spinal infection (23,57), and

therefore all the hardware should be removed. This option, however, may result in

an unstable spine. The majority of surgeons (11,13,19,58,59) try to salvage the

instrumentation at least until fusion takes place.

The principle of maintaining internal fixation in the presence of infection

has been well recognized in the management of long bone fracture (60) that

consolidates satisfactorily despite the infection. This concept also has been

applied successfully in the management of instrumented spinal infections (61,62).

The objective of treating spinal infection with instrumentation is to

eradicate the infection without removing the hardware, which is required to

maintain alignment of the spine, especially after extensive laminectomy, until the

fusion consolidates. This precludes the need for additional surgery and even

orthosis.

Three main, different, and distinct surgical techniques are available for

salvaging infected spinal instrumentation, until fusion takes place. In general,

these surgical methods are known as surgical débridement-irrigation, constant

antibiotic irrigation-suction, and muscle flaps. The surgeon may choose any

combination of these techniques, depending on the local wound condition and the

general physical status of the patient.

A. Guidelines for Surgical Treatment

For a rational method of treating postoperative infection after spinal instrumenta-

tion, Thalgott and colleagues (11) have developed a classification scheme in

which the patients have been categorized according to two parameters. The first
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deals with the severity of infection, and the second takes into account the host

response or physiological classification of the patient. This classification system

is based on the clinical staging system for adult osteomyelitis developed by

Cierny and coworkers (63). The severity of infection is divided into three groups:

group I involves a single-organism infection, either superficial or deep; group II is

a multiple-organism deep wound infection; and group III is a multiple-organism

infection with myonecrosis. The host response is divided into three classes: class

A requires normal systemic defenses and metabolic capabilities and vascularity;

class B patients demonstrate local or multiple systemic diseases, including effects

of cigarette smoking; class C is an immunocompromised or severely malnour-

ished host (Fig. 2).

According to Thalgott and associates (11), patients in group I can be

managed by single surgical débridement-irrigation and closure over suction-

drainage tubes without the use of an inflow-outflow irrigation system. The group

II patients, with a multiple-organism infection, require more surgical débride-

ment-irrigation sessions and, usually at the completion of the third débridement-

irrigation treatment, the installation of a closed inflow-outflow device for constant

irrigation with antibiotics. They found that patients in this group responded better

with this technique when compared with surgical débridement-irrigation with a

simple suction drainage system without constant inflow irrigation. The group III

patients with multiple-organism infections and myonecrosis have a poor prog-

nosis and are best managed with muscle flaps.

B. Surgical Techniques

1. Surgical débridement–irrigation method

Surgical débridement should be carried out in the operating room with general

anesthesia. The surgeon should meticulously remove all the infected tissues,

necrotic material, and nonviable bone grafts or substitutes by aggressive débride-

ment and obtain tissue for immediate Gram stain and culture. Then the wound

should be thoroughly irrigated by antibiotic-containing saline solution (5–9 L,

depending on the situation), preferably by using a pulsatile lavage system. All the

subfascial plains should be cultured, débrided, and irrigated separately in a

systematic order. We advocate bacitracin, 50,000 units in 1000mL, because its

soapy quality adds a detergent effect to the solution. This practice has been

supported experimentally as well (64).

One report argues that a single suction irrigation treatment does not allow a

second look for further débridement of necrotic tissue that is not apparent during

the initial procedure (1). However, we believe that if the wound looks clean, with

relatively minimal tissue damage, good vascularity, and no severe infection, the

objective of surgery has been achieved. Furthermore, if the patient’s condition is
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stable and the patient does not appear ill from sepsis and has normal systemic and

metabolic capabilities, the surgeon could choose to close the wound primarily

(11) over suction drainage, as a single procedure. The drains are usually left in

place for 4–5 days.

Instead of the method outlined, the surgeon may elect the option of packing

the wound open with gauze, soaked preferably in half-strength Dakin’s solution.

Figure 2 Guidelines for management of early postoperative infection after instrumenta-

tion.
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The surgeon may repeat the same procedure every 48 hours until the wound is

clean, and then as needed every 4–5 days (this may be done on the wards under

good analgesia-sedation preparation) until the formation of granulation tissue.

This process requires an average of four to six sessions.

When the wound is suitable for secondary closure, the surgeon either elects

to manage the wound by means of primary delayed closure or allows it to heal by

secondary intent. The dressings are changed frequently on the ward or at home,

until the wound eventually heals spontaneously by secondary intention (Fig. 3).

Because this method, however, is a long, disabling, and expensive process (59),

most surgeons prefer a delayed primary surgical closure, after the formation of

good granulation tissue.

A culture should be done at each successive débridement for adjusting the

antibiotics because of the potential for flora changes in the wound (11). The

timing of wound closure depends on different parameters such as erythrocyte

sedimentation rate, white blood count, nutritional status, fever, and overall

appearance of the wound. The status of the wound is assessed according to the

presence or absence of necrotic tissue, persistence and aggressiveness of infec-

tion, and presence of granulation tissue. Local bacterial counts are a good

indicator that the wound can be managed with a more definitive procedure

such as closure or reconstruction with muscle flaps (59).

Figure 3 (a) Serosanguinous discharge on the fifth postoperative day.
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Figure 3 (b) Note, after meticulous surgical débridement and irrigation, absence of pus.

(c) Primary wound closure over four suction drains.
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In terms of available reports, vigorous débridements in the operating room

with general anesthesia, appropriate antibiotic coverage, and delayed primary (17)

or secondary (65) intent closure (depending on the virulence of infection) can be

successful, with no necessity to remove the instrumentation (1,15,66).

Failure of débridement to control infection was reported in 28% of cases in

one study (16) and in 18% in another study (1). Both cases were treated

successfully by removing the instrumentation in the first case and using muscle

flaps to salvage the instrumentation in the second situation.

Repeat débridements and delayed primary closure, overall, constitute a

simple surgical technique, but when it is used indiscriminantly for all types of

deep wound infection, we have observed complications in 68% of cases,

including seroma=hematoma, persistence of infection, and wound dehiscence

(59) (Table 8). This procedure, when used for early instrumented spinal infections

with relatively minimal tissue damage and especially after noninstrumented

surgeries, has an excellent rate of successful outcome (11,46,67). We have

treated several cases successfully in this fashion, especially when the procedure

was carried out early (within 5–10 days).

This record is highlighted with the following example of a 65-year-old

retired policeman suffering from chronic low back pain and onset of right sciatica

Figure 4 (a) Infection of an instrumented thoracic spine surgery in a 60-year-old female

patient, treated by serial surgical débridement-irrigation.
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Figure 4 (b) The surgeon elected treatment by means of secondary intention closure.

Note healthy granulation tissue creeping to cover the entire spine and instrumentation 4

weeks later. (c) Almost complete healing of the wound is seen in 8 weeks. Although it took

a long time, the results were excellent. Fusion was successful and because the instrumen-

tation was prominent under the skin, it was removed uneventfully 2 years later.
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associated with weakness of dorsiflexion of the foot in the past 6 months, with

gradual deterioration to complete incapacity. He was treated in the local hospital

with analgesics, nonsteroidal anti-inflammatory drugs, and complete bed rest

with bathroom use for 3 weeks. The patient had well-controlled diabetes mellitus.

He was transferred to the first author’s institution, where imaging studies revealed

a right lateral stenosis at the L4-L5 and L5-S1 levels and grade I L4-L5

degenerative spondylolisthesis. He had microdecompression of the right L4-L5

and L5-S1 regions, foraminotomy, and laminotomy. Unfortunately, there was no

substantial relief of his pain except some improvement of the right foot

dorsiflexion. Postoperative conservative treatment with the administration of a

tapering dose of methylprednisolone (Medrol Dosepak) over 5 days, ranging from

24mg on day 1 to 8mg on day 5, failed to relieve the pain and on the sixth

postoperative day he underwent a complete L4 laminectomy, partial bilateral

L3-L5 laminectomy, wider L4-L5 and L5-S1 right foraminotomies, transpedicle

instrumentation from L3 to the sacrum, and intertransverse compound bone graft.

He had an excellent response to this treatment. On the fifth postoperative day,

while he was getting ready to be discharged from the hospital, he had an

asymptomatic serosanguinous discharge. ESR was 106mm=h, WBC was

14,230, and CRP level was 6.34. The diagnosis of a potential infection was

made, and the patient had surgical débridement and irrigation, under general

anesthesia, with 6 L of normal saline solution containing 80mg of gentamycin

and 500mg=L fucidic acid. Because the wound was clean at the end of the

procedure, with no excessive necrotic tissue, and the Gram stain finding was

negative (the patient was class I and group I), he was treated with primary closure

over suction drains (Fig. 4) for 3 days. As an adjunctive to the antibiotics the

patient received during the procedure, he was given 500mg vancomycin IV for 4

days and 750mg cefuroxime IV for 3 days. The patient had an uneventful and

complete recovery and was treated with culture result–directed antibiotics.

The risk factors in this situation were prolonged hospitalization with bed

rest (>3 weeks), previous surgery, administration of steroids, and comorbid

diabetes mellitus.

We share with others (14) the opinion that the benefits of early surgical

intervention of suspected spinal instrumented infections, with aggressive débri-

dement and irrigation, outweigh the risk of delaying surgery even if surgery

yields no evidence of infection (Table 8 outlines the guidelines in an algorithmic

approach).

2. Constant closed antibiotic irrigation-suction technique

After a thorough débridement and irrigation, as described earlier, the surgeon

inserts the irrigation suction device. This consists primarily of inflow catheters

and outflow drains that are usually placed both deep and superficial with respect
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to lumbosacral fascia, and, if required, an additional irrigation-suction system is

placed in the donor bone graft site (13). Antibiotics agents are added to the

irrigation bags. The surgeon may also choose to achieve this effect by using a

single-inflow Jackson-Pratt drain and close the skin over single-outflow hemovac

drains (11).

The inflow-outflow tubes are sutured to the skin. The fascia is closed with

several nonabsorbable interrupted No 0 sutures. The skin is closed with No 0

retention sutures and watertight running 3-0 nylon (13).

The rate of irrigation is usually maintained at a continuous flow ranging

from 25 to 150mL=h, depending on the severity of the infection. The irrigation

system is usually placed for 5–7 days and the drainage tubes are kept in place for

an additional day (13). The irrigant of 1 L of normal saline solution contains

500mg of vancomycin and 1000 units of heparin. Successful outcome resulting

from this treatment has been reported by several authors (11,13,14,58,61,68,69).

Thalgott and associates (11) advocate combining this method with two or three

previous surgical débridements.

Risk of Pseudomonas sp. superinfection is a serious drawback of this

treatment (70,71).

3. Muscle flaps

When infected wounds involve exposed bony spine or hardware, the optimal goal

for successful closure is a two-layered well-vascularized closure. The deep layer

is made up of muscle and then covered with the skin (72). For this reason, muscle

flaps are preferred to random and fasciocutaneous flaps in this situation (73–77).

Muscle flap coverage of infected instrumentation in the extremities has

become a standard practice, and, with some guidelines and experience, the

surgeon can easily apply this principle to the spine (59,72,78).

Animal model studies and clinical research have demonstrated the super-

iority of muscle flaps in inhibiting bacterial growth and promoting wound healing

by providing well-vascularized tissue for delivery of antibiotics, immune cells,

and oxygen (73–75,77,79–81).

Muscle flaps are indicated for extensive wounds when primary closure is

not possible, such as in the so-called hostile back (82) (Fig. 5). This term

describes the most complex back wounds, which are characterized by a large

surface area defect (greater than 200 cm2), exposed hardware, and a history

of complex infection (other conditions also may be responsible, such as post-

radiation necrosis). This also may be associated with other problems such as an

osteodestructive process, spinal instability, multiple failed attempts at reconstruc-

tion (82), and, at worst, a cerebrospinal fluid leak.
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We found that the average wound length for muscle flap coverage spans

about five to six vertebral bodies (except in scoliosis surgery). In our experience,

muscle flaps can cover any defect in the spine.

Many different methods for managing infected wounds using various

muscle flaps have been reported. Latissimus dorsi, trapezius, gluteus maximus,

and paraspinous muscles with their associated fasciocutaneous flaps have been

described as bipedicle or unipedicle advancement, rotation, turnover, and free

island flaps. These have been used individually or in combination (83).

In our experience, a higher complication rate was found in wounds closed

in a delayed primary fashion (68%) than in those reconstructed with muscle flaps

(20%) (59). For this reason, we have started using a paraspinous sliding flap as a

primary reconstruction for infected spinal instrumentation in the lumbar region,

after the initial two or three surgical débridements.

Postoperative infection after spine surgery, with extensive deep wound

myonecrosis, deep space infection, exposed orthopedic hardware, bone, and dura

mater is amenable to muscle flap reconstructive surgery with a predictable

excellent outcome (for controlling the infections). This is performed either as a

single one-stage surgery (84), after repeated débridements (1), or as a salvage

procedure when other methods have failed (1,11,85).

Figure 5 ‘‘Hostile’’ wound infection. Note wide complete wound dehiscence, with

extensive necrotic tissue without evidence of granulation tissue.
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Postoperative spinal infection after instrumentation complicated by dehis-

cence, a large defect, and cerebrospinal fluid (CSF) leak is a serious and

potentially life-threatening complication, which fortunately is rare, can be

managed satisfactorily with muscle flap reconstruction (51,72,83,86). One of

our patients treated with spinal instrumentation had complications of spinal

infection, wound dehiscence, and CSF leak and eventually died.

Flap selection. Flap selection for spinal wound reconstruction is based on

the anatomical location of the lesion. Cervical, thoracic, and upper lumbar spinal

wounds can be reconstructed with trapezius and latissimus muscles. Lower

lumbar spinal wounds are best reconstructed with gluteus maximus flaps, bilateral

bipedicled skin flaps (87), and free latissimus dorsi muscle flaps (85). Upper

lumbar spine and especially the mid- and lower lumbar spine are best recon-

structed with turnover paraspinous muscle flaps (72) or bipedicle sliding para-

spinous muscle flaps (59) (Fig. 6).

Large midline back defects may require multiple flaps such as paraspinous

muscles combined with latissimus or gluteus muscles (72,83).

Gluteus maximus muscle. The gluteus maximus muscle flap is useful for

the lowermost region of the spine (lumbosacral region). Either the entire gluteus

maximus (88) or the superior portion, as a turnover flap, can be used (80,84,89).

It is important to preserve function on the inferior portion of the gluteus maximus

in ambulatory patients (84), so the superior one-half segment of this muscle is

used. Usually the patients do not have subjective symptoms related to removal of

the superior portion of the gluteus maximus (85). The surgeon first dissects it off

the posterior iliac crest, then separates it from the underlying gluteus medius

muscle, and finally raises and turns it about 160 degrees to move it from the

greater trochanteric region to the inferior lumbar and sacral region. One should

take care not to damage its vascular pedicle while maneuvering the flap (84,85).

Deepithelialized myocutaneous turnover of a gluteus maximus island flap

based on the superior gluteal vessels has been successfully used for closure of a

CSF leak (83) (Fig. 7).

Trapezius muscle flap. The trapezius muscle flap is usually indicated for

lesions in the higher cervical region (86). The vascular pedicle enters the muscle

about 7–8 cm lateral to the seventh cervical spinous process. The surgeon elevates

the muscle off the paraspinous musculature and divides it on its lateral aspect,

and, under direct vision, carries out the dissection with the vascular pedicle

remaining on the medial segment of the muscle and then transports it proximally.

One complication of this technique is a shoulder drop.

Latissimus dorsi flap. The latissimus dorsi muscle flap is indicated for

reconstruction or hardware coverage of thoracic or upper lumbar spinal wounds.

Because the pedicle of the latissimus dorsi is in the axillary region, the arc of
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rotation of the latissimus dorsi muscle precludes its use for reconstruction of mid-

and lower lumbar lesions (85,90) (Fig. 8).

Depending on the situation, the surgeon either dissects the latissimus dorsi

muscle from the underlying paraspinal muscles and transposes it as an island

based on the thoracodorsal vessels or chooses to turn over the muscle based on its

segmental perforators along the spine (91,92). This turnover or reverse latissimus

flap is not a reliable option for wound closure after spinal procedures because the

spinal perforators may have been divided for a previous spinal instrumentation

exposure.

Free flaps. The free flap method is usually indicated when the local tissue

conditions are very poor and spine fusion is not performed. The superior gluteal

muscle (92) or the latissimus muscle (85), with its overlying soft tissues, is

commonly harvested for this technique and, in general, has been used for

reconstructing lumbar wounds. The muscle flaps can be anastomosed to different

vessels such as local lumbar perforators, the 11th intercostal, the superior gluteal

vessels, and local lumbar perforators. The 11th intercostal vessels may be too

Figure 6 Illustration demonstrating selection of muscle flaps. For cervical, thoracic, and

upper cervical regions, the trapezius and latissimus dorsi flaps can be used. The lower

lumbar region is distal to latissimus dorsi arc of rotation. The lower lumbar region is

amenable to superior gluteus maximus muscle flap, and the midlumbar (or whole lumbar

region) to paraspinous bipedicle sliding muscle flap. (From Ref. 59.)
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Figure 7 (a) Lower lumbar wounds reconstructed with gluteus maximus flap. The heavy

broken line represents the subchondral tunnel through which the flap is being passed to

reach the intended target. This skin muscle flap with deepithelialized skin can also be used

to patch dural defect. (b) A cross-sectional demonstration of the flap within the defect. The

deepithelialized skin can be seen patching the dural defect (1). The layer of subcutaneous

tissue of the flap (2) and the gluteus maximus muscle (3) provide another two layers for

closure. After undermining of the lumbar skin edges, these are closed in another two

layers. (From Ref. 83.)
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small to match the diameter of the thoracodorsal vessels (85). The superior gluteal

vessels are short, and, for that reason, reversed saphenous vein grafts are required

when using these recipient vessels for anastomoses to the free muscle flap (85).

One of the problems of using local perforators to anastomose the flap is the great

difficulty encountered when dissecting out these donor vessels adjacent to the

spine. After stabilization procedures, these target vessels are rarely available

(82,85,93,94). An alternative method is to use interposition of long vein grafts

such as the saphenous or cephalic vein (82) (as long as 28 cm) to anastomose the

flap either to the thoracodorsal vessels or to the femoral artery or external carotid.

Paraspinal muscle flaps. Local paraspinous muscles neighboring the

spine can be used (72) to provide muscle coverage in the lumbar region, which

is involved in most spinal surgery (95). The medially based, turnover paraspinous

muscle flaps (72) may not be an option for spinal wound reconstruction after

Figure 8 Latissimus dorsi flap is indicated for the upper lumbar and mienly thoracic

spine regions. Midlumbar wounds are inferior to arc rotation for latissimus and superior to

gluteus muscle. We advocate the use of paraspinous muscle for this level. (From Ref. 59.)
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posterior spinal instrumentation procedures because the spinal perforators may

have been divided and sacrificed. The paraspinous muscles are also known as the

erector spinae muscles, which include the longissimus, iliocostalis, and spinalis

portions. The erector spinae muscles were also formerly called the sacrospinalis

muscles (96). The paraspinous muscles are located deep to the latissimus dorsi

muscles and thoracolumbar fascia, originate inferiorly from the spinous processes

and the iliac crest, and insert superiorly into the posteriomedial aspect of the ribs

(Fig. 9).

The paraspinous muscles are found by incising the thoracolumbar fascia

medially and then elevating them from the underlying serratus posterior inferior

muscles. The portion of the paraspinous muscle required for spinal bone or

hardware coverage is released from its origin on the spine. Then this portion of

the paraspinous muscle is bluntly elevated from the multifidus muscle, transverse

processes, intertransversarii muscles, and transversalis fascia, from the medial to

the lateral direction. This blunt dissection allows for mobilization and advance-

Figure 9 Diagram of paraspinous muscles on patient’s right side, located deep to

trapezius, rhomboid, latissimus dorsi, posterior inferior serratus, and thoracolumbar fascia.

(From Ref. 59.)
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ment of the paraspinous muscles in the medial direction, while preserving its

lateral perforator vessels (59) (Fig. 10). Sometimes perforator vessels, which

enter the muscle along its deep surface, limit muscle advancement to the midline,

necessitating ligation of the medial column of perforator vessels. Because the

blood supply to the paraspinous muscle is segmental, and is therefore a type IV

muscle, the integrity of the superior and inferior muscle continuity must be

preserved (80). Therefore, only the medial column of perforators corresponding

to the area requiring muscle elevation and advancement is ligated with impunity

(59). The muscle bodies are sutured in the midline. Then, the skin adjacent to the

defect is undermined, medially advanced, and approximated over closed suction

drains. We recommend use of several drains for closed suction (about five to six)

strategically located for a prolonged period (usually 10 days).

The long and narrow configuration of most spinal wounds lends itself to the

use of the longitudinal alignment of the paraspinous muscles for advancement in

wound closure. Other advantages of the use of the paraspinous muscles for

reconstructing lower lumbar spinal wounds include its technical simplicity, short

Figure 10 This cross section of the lumbar spine depicts the medial and lateral

paraspinous perforator arteries from the posterior intercostalis artery originating from

the aorta. (From Ref. 59.)
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operative time, and elimination of the requirement of additional incision for

muscle dissection.

According to the biomechanics of spinal support using the four-column

support concept, the adult spine tolerates the transfer of the paraspinous muscles

without difficulty (97).

Except defects at the two ends of the spine, the majority of wounds are

amenable to bipedicle sliding paraspinous muscle flaps. One should not worry

about loss of paraspinal muscle function in the situation of infected spinal

arthrodesis with instrumentation because spinal motion at this level is already

lost.

4. Other suggested treatments

Antibiotic-impregnated beads. Antibiotic-impregnated beads have been

used successfully to salvage instrumented lumbar fusions complicated by infec-

tion (19,98). The beads are used as a vehicle for delivering a high local

concentration of antibiotics with minimal, nontoxic systemic levels (99). This

procedure does not have the complexity of an inflow-outflow device, but repeated

surgeries are required. The technique allows maintenance of antibiotic levels

between débridement procedures by using a closed drainage system (19). The

reported success rate was 80% and the fusion rate over 90% (19).

VII. DELAYED POSTOPERATIVE SPINAL INFECTION
AFTER INSTRUMENTATION

Late infections may occur up to 7 years after surgery (100) but are a rare entity

with an incidence of 1.9% of all posteriorly instrumented spinal surgeries (101).

A. Pathogenesis

Both hematogenous sources (100) and introduction of infection at the time of

surgery (23,102) have been implicated in the pathogenesis of delayed spinal

infections. The microorganism may become active when the host’s resistance is

compromised (103).

B. Clinical Manifestation

The clinical manifestation of delayed spinal infection after instrumentation is

milder than that of early infections. Characteristically, it has an indolent nature

and a paucity of diagnostic criteria (104) that cause delay in diagnosis. Incisional

swelling or drainage may develop after several months of nonspecific symptoms

408 Hadjipavlou et al.



(2). In terms of available reports, increased back pain (60% of cases) (23),

especially after a prolonged period of normal postoperative recovery, is a good

diagnostic clue, particularly when combined with an elevated ESR. In 78% to

87.5% of patients, the average elevation of ESR ranged from 39 to 57mmHg=h
(2,23). According to one report, mild elevation of WBC (usually high range of

normal 9000–12,000) was noted in 25% of patients (2).

1. Pseudoarthrosis

A high pseudoarthrosis rate, ranging between 20% and 62% (2,23,58) of cases,

has been observed. This suggests an association between pseudoarthrosis and

delayed spinal infection (2).

C. Treatment

Most authors advocate surgical débridement and irrigation, as well as removal of

instrumentation, in the treatment of delayed spinal infections, with a high rate of

success (18,23,105). In this situation, the hardware is typically covered with

glycocalix, an avascular enveloping exopolysaccharide resistant to both anti-

biotics and the host’s immune system. Stability for the spine is not a major

concern, as it is in the early postoperative infections, and therefore removal of

hardware is thought to be an important aspect of the treatment in this situation

(23).

VIII. ADJUNCTIVE TREATMENT

A. Antibiotics

Administration of antibiotics alone in the management of infected spinal surgery

after instrumentation is not effective in the majority of cases (24,70,106). In this

situation, it is our strong opinion that surgical débridement is the definitive

treatment and administration of antibiotics can be considered an adjunctive

therapy. However, for noninstrumented spinal infections the mainstay of treat-

ment is the administration of intravenous antibiotics. One may select a combina-

tion of intravenous vancomycin and oral rifampin as the antibiotic of choice

(13,107) until specific tissue culture results and antibiotic sensitivity are available.

The duration of intravenous antibiotics may be individualized according to the

severity of infection from 1 to 6 weeks and then followed by a course of oral

antibiotics for approximately another 6 weeks. When a prolonged use of

intravenous antibiotics is needed to facilitate early discharge from the hospital,

a Groshong or Hickman intravenous catheter insertion is required. In general, for

class B or C patients (see Thalgott and coworkers’ classification) a 6-week course
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of parenteral antibiotics followed by an additional 6 weeks of oral antibiotics

administration is usually given (11).

1. Hyperalimentation

Hyperalimentation is advocated in group II and group III infections in order to

improve the host response (11).

IX. PREVENTION OF ‘‘REVERSIBLE’’ RISK FACTORS

Close attention should be paid to the perioperative risk factors of patients

undergoing spinal surgery, particularly when instrumentation is being used. It

behooves the surgeon, before undertaking major elective spinal surgery, to deal

first with risk factors that can be controlled, the so-called reversible risk factors:

The patient should be encouraged to quit smoking (11,13).

Steps should be taken to minimize operating room (OR) contamination

(108). Proper sterile OR techniques should be followed, traffic in the OR

should be minimized, and access doors should be kept closed. Filtered

air should be exchanged at a rate of 25 times per hour (21). Laminar

airflow systems may play a role in spine surgery as in hip surgery.

The surgeon should treat intercurrent infection and use prophylactic

administration of antibiotics (109). The role of prophylactic antibiotics

in spinal surgery is well established. The recommended administration is

just before the induction of anesthesia and continued for at least 24

hours after surgery. Poor penetration of cefalozin (a first-generation

cephalosporin) and oxacillin was demonstrated in animal experiments

(110,111), suggesting the uncertainty of their therapeutic effect.

Certainly supplemental intraoperative antibiotics should be administered

in more length operations. For cases without a suspected potential

concomitant infection, first- or second-generation cephalosporins have

proved cost-effective.

Animal experiments (112) have demonstrated the efficacy of prophylactic

antibiotics for spinal instrumentation and arthrodesis and have also shown that a

single preoperative dose of cefazolin was as effective as 48-hour postoperative

administration of cefazolin in eradicating wound infections.

This conventionally accepted method has been challenged for disk surgery.

Animal experiments (113) demonstrated that intervertebral disk penetration may

not be achieved 2 hours after an IV bolus injection, suggesting that it would be

safer to administer prophylactic antibiotics at least 60 minutes before surgery. A

retrospective study of a large number of posterior fusions (7000 cases) revealed

410 Hadjipavlou et al.



that prophylactic administration of antibiotics significantly reduced the rate of

postoperative infection from 4.4% to 1.2% (58). Similar findings have been

reported by others (71), who were able to decrease the rate of infection from 7%

to 3.6% after Harrington instrumentation. Another large series confirmed this

practice by demonstrating a drop in the infection rate from 9.3% to 1% (36) when

prophylactic antibiotics were administrated.

In another relatively large prospective clinical study, it was noted that the

patients who had spinal instrumentation and received three doses of 2 g=day
cefamandole after surgery for 3 days had a rate of early and late postoperative

infection of only 0.6% (69).

One clinical study (44), using a different method of prophylactic admin-

istration of antibiotics, reported a dramatic drop in postdiskectomy infections,

from 3.7% to 0%. In this study, a collagenous sponge containing gentamycin was

placed in the diskectomy region. Bactericidal gentamycin levels in the drainage

fluid could be detected 48–72 hours after surgery (114), indicating the effective-

ness of this method. Other prophylactic techniques include the following:

An irrigant solution containing a mixture of neomycin, 5% bacitracin

(25,000 units=L), and polymixin (25mg=L) was proved sufficient to

eradicate 19 commonly found strains of gram-negative and gram-

positive pathogens common in orthopedic surgery (115), thus rendering

this solution ideal for wound irrigation. This is a relatively safe usage,

although one case of anaphylaxis has been reported in a patient who had

been previously exposed to the same irrigant (116).

It has been conventionally accepted that avoiding certain pitfalls during a

posterior surgical procedure may contribute to a reduction in the surgical

risks for infection (13,108). This includes careful dissection of the

ligamentous attachments of the paraspinal muscles (decreases tissue

necrosis and blood loss), intermittent release of paraspinal muscle

retractors (reduces hypoperfusion and alleviates muscle ischemia),

meticulous hemostasis, insertion of surgical drains (eliminates hema-

toma), and meticulous wound closure (eliminates dead space and

provides an airtight barrier against bacterial infiltration).

When a procedure that requires two surgical approaches (anterior and

posterior) is anticipated to take a long time and will be performed in one

sitting, the surgeon may decrease the risk factor for infection by

performing a two-stage procedure on 2 different days.

Since the anterior approach is associated with diminished risk factors for

development of infection after spinal instrumentation (13), it is prefer-

able to use an anterior rather than a posterior approach, provided both

exposures are equally effective for the given type of spinal surgery.
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Close attention should be given to the preoperative nutritional status of

patients undergoing lumbar spinal surgery. Patients with suboptimal

nutritional parameters should have supplementation and replenishment

before elective surgery (25).

In paraplegic patients, because of potentially gram-negative microorganism

and polybacterial contamination of the wound, more targeted preventive

strategies such as broad-spectrum antibiotics with activity against gram-

negative organisms should be used for prophylaxis (16), coupled with

impermeable wound dressings and other hygiene measures (16).

X. SUMMARY

Postoperative spinal infections carry a great cost, both medically and socio-

economically, and the surgeon must consider and minimize the risks of such

infection. Preventive measures should be instituted before and during the surgical

intervention.

If, however, infection occurs despite prophylaxis, treatment should be

instituted quickly and aggressively to prevent or reduce sequelae. Antibiotic

therapy, which may take the form of intravenous, intramuscular, or oral admin-

istration or placement of antibiotic-impregnated beads, is the first line of defense

after noninstrumented procedures, although débridement may also become

necessary. In cases of infection that follow spinal instrumentation, débridement

is the initial approach and antibiotic therapy is the adjunctive step. Antibiotic

therapy should be designed with the infecting organism(s) in mind. Late

postinstrumentation infection may necessitate removal of the instrumentation

along with débridement. Closure of wounds after infection may be accomplished

by delayed primary closure or closure by secondary intention. In some cases,

muscle flaps may be required for reconstruction.
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I. INTRODUCTION

Granulomatous infection of the spine includes tuberculosis, fungal infections

such as blastomycosis, histoplasmosis, and coccidioidomycosis and brucellosis.

The characteristic feature of these infections is the formation of a granuloma. The

term granuloma refers to a microorganism-induced response, which results in

cellular hyperactivity. In its most classic form, it consists of concentric layers of

cells that form a distinctive lesion. At the center of the lesion, there is often a

focus of necrosis that is surrounded by a layer of specialized macrophages, called

epithelioid cells, and multinucleated giant cells that form as the result of fusion of

macrophages. The next layer is predominantly lymphocytes, and the outer layer is

most often fibroblasts that are attempting to cordon the area of inflammation with

fibrous connective tissue. Other cell types may also be present.

The necrotic area in tuberculosis is caseatious, whereas in some fungal

infections this type of lesion may not develop. Coccidioidomycosis and histo-

plasmosis often exhibit caseatious necrosis. In this chapter, actinomycosis is

discussed with fungal infections. Although actinomyces is a gram-positive

bacteria that causes pyogenic infection, it morphologically branches as fungus

does and resembles fungal infections, which can become extremely chronic and

are poorly transmissible from person to person. Brucellosis, a bacterial infection
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caused by an aerobic, gram-negative coccobacillus commonly found in domestic

animals, has the ability to induce granulomatous reaction.

II. SPINAL TUBERCULOSIS

A. Introduction

Tuberculosis (TB) is a granulomatous infection caused most commonly by

Mycobacterium tuberculosis. Percival Pott first described spinal involvement of

tuberculosis with characteristic gibbus formation and paraplegia in 1779. For this

reason, spinal tuberculosis is also called Pott’s disease. Tuberculosis of the spine

is almost always a secondary infection and is characterized by an insidious onset

and silent clinical course. By the time the disease becomes symptomatic, it has

already provoked impressive pathological changes as depicted by imaging

modalities.

Spinal tuberculosis is the most dangerous form of skeletal tuberculosis

because of its ability to cause bone destruction, spinal deformity, and paraplegia.

Paraplegia is more common in tuberculosis than in pyogenic spondylitis (1,2).

B. Incidence and Risk Factors

According to the World Health Organization (WHO), TB has become the world’s

most deadly infectious disease, killing nearly 3 million people per year (3). Each

year there are 8 million new cases of tuberculosis, and 50% of them represent

active infections. There are approximately 20 million active cases, and 1.7 billion

people (one-third of the world’s population) are, or have been, infected with the

tuberculosis bacillus. In some East and Central African countries, the reported

cases of tuberculosis have nearly doubled in the recent years. One of the main

reasons for the resurgence of tuberculosis is the spread of human immuno-

deficiency virus (HIV) infection (3).

There is an increased risk for tuberculous infections in older population

adults, immunocompromised patients (HIV patients, transplant patients, etc.) (4),

and individuals with chronic debilitating conditions (5), including substance-

abusing individuals. Populations in developing countries are not spared; however,

an increase of drug-resistant tuberculosis has been noticed in the former Soviet

Union (6).

In HIV-negative patients, spinal involvement occurs in 1% of all individuals

who suffer from tuberculosis. In contrast, the spine is affected in 60% of the cases

in patients who are HIV-positive (7,8). In addition, HIV-positive patients have a

170-fold increased risk of reactivation of an old dormant tuberculosis (9).
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C. Pathophysiological Characteristics

Spinal tuberculosis represents 50%–60% of cases of musculoskeletal tuberculosis

(8,10) and is almost always secondary to hematogenous spread of mycobacteria

from primary foci in the lung or genitourinary tract (11,12). The route of

infections is controversial. The arterial route of transmission is considered the

most important (13). However, some investigators believe that the paravertebral

venous plexus of Batson provides the primary pathway for dissemination of the

tuberculous bacilli into the vertebra column (14,15). It is also possible that

lymphatic drainage of the pleura or kidney may involve the para-aortic lymph

nodes, which may secondarily affect the vertebra (16).

The disease most commonly affects the thoracolumbar region of the spine,

followed by the thoracic and the lumbar spine. Rarely, it can affect the cervical

spine and, even more rarely, the sacral region (8,17). At times the disease may

exhibit multiple lesions in the spine, mimicking other conditions, such as

metastatic cancer (18).

The initial site of vertebral involvement is the anterior-inferior corner of the

vertebral body and then spreading along the anterior longitudinal ligament to

involve the adjacent vertebral body. Destruction of the anterior vertebral body

results in acute vertebral wedging that gives rise to the classic focal kyphosis, or

the so-called gibbus of Pott’s disease (19).

The intervertebral disk is not affected in the early stages of the disease

(Fig. 1). In the late stages, intervertebral disk involvement ranges from 46% to

72% of cases as seen in magnetic resonance images (7,20).

Abscesses are common findings in spinal tuberculosis and have a preva-

lence of 55% to 96% (21). Tracking of the abscess follows tissue planes.

Extension posteriorly into the spinal canal can occur at any level of the spine.

The intervertebral disk is involved by direct spread from affected neighbor-

ing vertebrae or soft tissue. Alternatively, the pathological process may involve

the center of the vertebral body or the paradiskal region (22). Central destruction

of the vertebral body results in ‘‘concertina collapse.’’ When the paravertebral

abscess strips the periosteum and ligaments away from the vertebral body, the

blood supply becomes compromised and avascular necrosis of the vertebral body

results. The devitalized anterior vertebral body is further attacked by the

pathological process, forming anterior scalloping that is referred to as aneurysmal

syndrome. Involvement of the paradiskal region usually occurs on either side of

the intervertebral disk, resulting in narrowing of the disk space. Destruction of

two or three vertebrae may result in subluxation or dislocation of the spine. Other

malalignments of the spine that may arise from tuberculosis are reversed

spondylolisthesis in the lumbar region and scoliotic deformity.

Tuberculosis can also have an unusual or atypical form such as primary

involvement of the posterior elements of the spine (2%–10%) (23,24) (i.e.,
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lamina, spinous process, and pedicle) (Fig. 2) or localization at the intervertebral

disk in early stages of the infection process (7).

Paraplegia or severe paraparesis is more frequently encountered at the T4-

T5 level of the thoracic spine, which has the poorest vascular supply of the spinal

cord (25); therefore, the disease process can easily compromise the tenuous

nature of the local vascular anatomical features.

Necrotic bone and caseous tuberculosis abscess material can cause cord

compression in active disease and, occasionally, can even displace an interver-

tebral disk. Cord compression can also occur with spinal kyphosis caused by

vertebral destruction and spinal subluxation. Spinal artery thrombosis is probably

unrelated to the compression effect and its ensuing paraplegia has the gloomiest

prognosis (21). Tuberculous pachymeningitis usually results in a severe and

spastic form of paraplegia caused most likely by scar contraction (22). The

majority of patients with posterior element involvement have severe neurological

deficits (23,24).

Figure 1 Plain radiograph demonstrating a kyphotic deformity with telescoping of T12

into the L1 vertebra. Note that the intervertebral disk is intact.
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Figure 2 (a) Rare forms of TB spondylitis affecting the lateral mass and facet joint of

the C2 vertebra and (b) pedicle of T10 with posterior paravertebral abscess, as seen on CT

scan.

CT, computed tomography; MRI, magnetic resonance imaging.

(a)

(b)
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Late onset of paraplegia, in inactive disease, has been observed when a

progressive kyphotic deformity mechanically compromises the cord.

Tuberculosis also can directly affect the neural elements of the spine and

corresponds of 2% to 5% of all central nervous system (CNS) tuberculomas

(26,27). When intramedullary tuberculoma is localized in the conus medullaris, it

can be confused with a conus tumor, and diagnosis in this condition can only be

established by surgery (28).

D. Histopathological Characteristics

Gross examination of the tubercular tissues shows they are thickened and

edematous and frequently studded with grayish small nodules with opaque

centers (granulomas). Granulomas often become confluent, producing larger

areas of white necrotic material, so-called caseation (or cheese) necrosis (29).

On microscopic examination, the typical tubercle consists of a central

necrotic area surrounded by a pale histiocytes, referred to as epithelioid cells.

Among the epithelioid cells are some scattered giant cells, the nuclei of which are

typically arranged at the margin of the cell and are called Langerhans giant cells.

At the periphery of the tubercle is a rim of mixed chronic inflammatory cells.

Often the tubercles are confluent, resulting in extensive central caseation necrosis

(29). Typically the acid-fast bacilli can be demonstrated with the Ziehl-Neelsen

stain and are characteristically seen in the giant cells and at the margins of the

caseous area.

Figure 2 (c) MRI, magnetic resonance imaging; TB, tuberculosis.

(c)
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E. Clinical Manifestation

Back pain and gibbus, with or without an associated neurological involvement,

highlight the symptomatic clinical picture of spinal tuberculosis. Usually the

onset is insidious and the symptoms mild and months up to 2 or 3 years may pass

before diagnosis is established (30). In contrast, pyogenic spondylodiskitis is

characterized by an acute onset of severe pain. Weight loss, fever, and malaise

may be associated with chronic tuberculosis illness and often precede manifesta-

tion of the spinal lesion. Therefore, the delayed diagnosis may hinder the

institution of appropriate early treatment and may result in spinal deformity

and spinal cord compression, with variable degrees of neurological deficit. In the

late stages, bone destruction with its antecedent instability may give rise to pain

with mechanical characteristics. Cervical involvement may produce torticollis,

neck pain, stiffness, dysphagia, and even respiratory stridor (31,32).

Cold abscess adjacent to the spinous processes of the characteristic

‘‘gibbus’’ is not an unusual finding. A paraspinal abscess, which is highly

characteristic of tuberculous infection, may be so prominent that it may compress

the bronchial tree, producing symptoms simulating asthmatic bronchitis (asthma

milleri). Cold abscesses also may be present in the groin, buttock, trochanteric

region, or loin. Mobility of the spine is limited; therefore, the patient flexes the

hips when asked to bend over during physical examination.

According to Hodgson and Yau (33), paraplegia or paraparesis can be

caused either by an active disease process or by a progressive kyphotic deformity

in the healed phase.

Symptoms from other affected organs such as the urinary tract or the

pulmonary and lymphatic systems may not be obvious; therefore, it behooves the

physician to scrutinize the patient clinically.

F. Laboratory Tests

The white blood cell (WBC) count is variable. Erythrocyte sedimentation rate

(ESR) often is elevated, but may also be normal in up to 25% of cases. Purified

protein derivative (PPD) skin test typically yields a positive result, indicating

either active or previous disease. This test may have false-negative results, particu-

larly in malnourished or immunocompromised patients. Polymerase chain reaction

(PCR) is a fast and reliable test for the diagnosis of tuberculosis (34).

The most effective and rapid identification of the pathological process relies

on needle biopsy. Needle biopsy yields a positive result in 82% of cases (35).

G. Imaging Resources

The most common early findings on plain radiography are narrowing of the disk

space and vertebral osteolysis. In more advanced stages of the disease, a
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paravertebral shadow, indicating extension of the tuberculous granulation tissue

and the formation of abscess in the paravertebral region, can be seen. Later,

vertebral collapse, angulation of the spine, subluxation, and even dislocation may

occur. As opposed to pyogenic infection of the spine, tuberculosis less frequently

causes reactive sclerotic bone and sclerosis. However, in the healing phase of

tuberculosis, the ostoblastic response may prevail (36).

Radionuclide imaging is not helpful in these cases because the false-

negative finding rates for technetium (99mTc) and gallium-67 scans are very high:

33% and 70%, respectively (10,30).

Computed tomography (CT) scans of the involved areas are helpful in

identifying the nature and extent of the vertebral involvement as well as the

association with soft tissue masses. Four types of lesions can be observed in CT

scan: (1) fragmentary, which appear as numerous residual small bone fragments;

(2) osteolytic, when most of the vertebral elements are destroyed; (3) sub-

periosteal; and (4) localized destruction with sclerotic margins when few residual

bone fragments are seen within a lytic area (37).

The most characteristic and frequent (47%) type of bone destruction is the

fragmentary type (37) with fragments frequently migrating into the associated

soft tissue mass and epidural space. This appearance is probably due to the

tuberculous inflammatory exudates’ lack of proteolytic enzymes, which are

required to lyse bone (38).

CT scans are not capable of distinguishing granulation tissue from frank

abscess formation. CT scans are recommended in planning treatment, especially

when surgical intervention is contemplated, in order to assess the structural

integrity of the spine.

Magnetic resonance imaging (MRI) is probably the imaging modality of

choice, providing excellent definition of the extent of vertebral involvement,

abscess formation, and degree of spinal canal compromise. MRI is useful for

evaluation and for follow-up studies of spinal tuberculosis.

The signal intensity of the vertebral marrow is decreased on T1-weighted

images and increased on T2-weighted images as a result of replacement of the

normal fat content by the edematous inflammatory process (39). Loss of the

intranuclear cleft within the disk and high signal intensity on T2-weighted images

are signs of inflammation (7,20). Epidural extension of vertebral infection (7,20)

with neurocompression is detected on 61% of MRIs. Paraspinal soft tissue masses

are shown in 71% of cases (7). These inflammatory soft tissues are seen well on

post-contrast-enhanced, fat-suppressed sequences. Rim enhancement around

intraosseous abscesses on gadolinium-enhanced MRIs is suggestive of granula-

tion tissue. Also, on contrast-enhanced sequences a thick rim enhancement

around paraspinal abscesses is seen. The height of disk space is preserved until

the late stages of the infection. According to one report (20) mixed signal

intensity was present in 32% of cases.
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Follow-up MRI studies are useful for monitoring response to therapy. The

earliest sign of healing is a reduction in the amount of inflammatory soft tissue.

H. Treatment

There is still significant controversy regarding the preferred treatment for spinal

tuberculosis. Conservative treatment is indicated when the patient seeks medical

attention early with minimal destruction of the spine. The duration of the

chemotherapy is usually 9 to 12 months. The most common combination of

drug administration is standard triple chemotherapy (isoniazid, rifampin, and

pyraminazide) (Table 1) (40–42). When the response to antituberculous treatment

is slow, the triple chemotherapy can be administered for 18 months, or a four-

drug regimen can be used (isoniazid, rifampin, pyraminazide, and ethambutol) for

12 months. According to one report (40), a course of chemotherapy based on two

drugs (rifampin and isoniazid) for 6 months can be as effective as the 18-month

course of isoniazid and paraamino salicylic acid (PAS). Others (41) have reported

that 6 months of three-drug chemotherapy with surgical eradication of the

tuberculous lesion in the spine was as effective as treatment with the same

regimen for 9 and 18 months. In addition, early in the disease process,

nonsteroidal anti-inflammatory drugs may be useful for the management of

nonspecific synovial membrane inflammation. This adjunct treatment may also

inhibit or minimize bone resorption by prostaglandin (42).

Table 1 Pharmacological Treatment of Adults for Spinal Tuberculosis

Drug Dosage Side effects

Isoniazid 300mg PO=day for 12 months Hepatitis, peripheral

neuropathy, and

pharmacological fever

Rifampin 600–900mg PO=day for 12 months Hepatitis, flulike symptoms

(rare)

Pyraminazide 1.5–2mg PO=day Hepatitis, hyperuricemia

Streptomycin 0.75–1mg IM=day for 2–3 months Kidney toxicity, ear toxicity,

hepatitis, nausea, and

vomiting

Ethambutol 15mg=kg PO=day for 2–4 months Posterior eyeball neuritis

(rare, but most severe),

arthritis, urichemia,

gastrointestinal effects, and

peripheral neuropathy
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Clinical studies by the First Medical Research Council (MRC) of Britain

(43–47) compared the effectiveness of (1) ambulant chemotherapy alone, or in

combination with either rest or immobilization; (2) surgical débridement without

fusion; and (3) anterior radical excision of the pathological process with fusion.

The chemotherapeutic regimen used was daily isoniazid (INH) and PAS for 18

months, with or without concomitant streptomycin for the first 3 months. The

conclusion of this study was that at 3-, 5-, and 10-year follow-up, patients

attained favorable results in all groups. However, the results did not take into

account fusion rate, symptomatic relief, or angle of kyphosis (36) (Fig. 3). In the

second study, which began in 1986 (47), a short course of chemotherapy (6 to 9

months of INH and rifampin with or without streptomycin) was used. The 3-year

follow-up findings were more favorable for that group of patients who had

combined radical operation in the regimen, as compared to ambulant chemother-

apy alone, except in Madras. The patients treated with anterior radical excision

and fusion had almost no increased kyphotic deformity, as opposed to those

treated with débridement or conservative therapy alone. The increase in the

kyphotic deformity of the patients treated conservatively is worrisome. Table 2

shows the changes in the angle of kyphosis at 5- and 10-year follow-up. It is well

known that spinal kyphosis is a disabling, and even dangerous, deformity because

of its detrimental effect on the spinal cord.

The conclusion of these findings is that surgical excision of the disease

process and fusion deals better with the deforming effect of spinal tuberculosis.

Antituberculosis chemotherapy alone (the mainstay of treatment) can heal the

disease and may even reverse neurological deficit but obviously cannot control

the deformities or prevent late neurological or musculoskeletal complications

arising from kyphotic deformities. According to Leong (36) anterior radical

resection of the tuberculous lesion combined with spinal fusion involves several

aspects: (1) it dramatically improves the patient’s condition by evacuating the

abscess, (2) established paraplegia can be corrected rapidly, (3) early fusion is

anticipated with insertion of a strut graft under compression, and (4) late

paraplegia and late deformity can be prevented (36) (Fig. 4).

On the basis of these principles, the senior author has surgically treated 25

patients with spinal tuberculosis with vertebral destruction, kyphotic deformities,

epidural abscesses, and severe neurological deficits, including five patients with

complete paraplegia. The surgical approach consisted of anterior decompression,

fusion, and posterior stabilization with instrumentation (transpedicular screws or

laminal hooks) without laminectomy (Figs. 5 and 6). All patients had an excellent

outcome, including the paraplegic patient, who had complete recovery. A report

indicated that the fusion rate in radical anterior surgery for spinal tuberculosis is

expected to be between 80% and 94% with an average time for fusion of 22.2

months (ranging from 7 to 42 months) (48).
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Figure 3 (a) TB of the L2 vertebral body telescoping the intervertebral disk; (b) treated

successfully with anti-TB medication and bracing, resulting in complete fusion with

minimal and asymptomatic kyphosis. (c) Similar treatment in another patient resulted in

severe painful kyphotic deformity.

(TB, tuberculosis.)

.

(a) (b)

(c)
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Figure 4 (a) Cystic tuberculosis of the thoracolumbar spine vertebral bodies. The cavity

is filled with caseous necrotic material as seen on axial CT scan; (b) MRI.

CT, computed tomography; MRI, magnetic resonance imaging.

(a)

(b)
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Figure 4 (c) Excised during surgery. (d) Sagittal reformatted CT image.

(c)

(d)
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The decision for the appropriate management of spinal tuberculosis should be

based on the goals of treatment for each individual case. The preferred method of

treatment is outlined through an algorithmic approach in Figure 7. There is no

place for conservative treatment in cervical spine tuberculosis (36). In the lumbar

spine, if the common iliac vessels and segmental vessels are encased in the

abscess itself, conservative therapy is indicated for control of the abscess, because

the invading inflammatory tissue may result in friable wall vessels, thus increas-

ing the risk of massive bleeding (36). If deformity cannot be prevented, then a late

reconstruction can be performed with potentially less difficulty. However, early

surgery (débridement and fusion) is indicated (36,49), if the technical expertise is

available, because the kyphotic deformity is painful and unacceptable.

III. FUNGAL INFECTIONS OF THE SPINE

A. Introduction

Fungal infections of the spine are noncaseating, acid-fast-negative infections that

occur primarily as opportunistic infections in immunocompromised patients (50).

Most fungal infections are granulomatous infections.

Figure 4 (e) Sagittal MRI T1-weighted image demonstrate the extent of the cavity. (f)

The patient was treated by debulking of the affected tissue, reconstruction with rib graft,

and posterior instrumentation.

(e) (f)
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Fungi can appear microscopically as either rounded, budding forms (yeast-

like organisms) or hyphae (molds). Yeastlike colonies are smooth, whereas mold

colonies are fuzzy. Dimorphic (‘‘having two forms’’) organisms are rounded in

tissue but grow as molds do when cultured at room temperature (Table 3). Some

Candida species appear in tissue as both budding yeasts and tubular elements

called pseudohyphae.

Most fungi that are pathogenic for humans are saprophytes in nature. They

cause infection when airborne spores reach the lung or paranasal sinus or when

hyphae or spores are accidentally inoculated into the skin. Acquisition of

infection from another person or an animal is very rare in deep mycoses. Thus,

Figure 5 (a) Sagittal MRI gadolinium-enhanced T2-weighted image demonstrating TB

spondylitis of T12 vertebra with extension of inflammatory tissue compromising the cord

and producing paraparesis. Note that the intervertebral disks are spared. (b) The patient

recovered completely after surgery consisting of anterior decompression, rib graft, and

posterior stabilization with claw-rods instrumentation system. (MRI, magnetic resonance

imaging.)

(a) (b)
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hospitalized patients do not require special isolation. Inhalation is the route of

inoculation for the agents of most deep mycoses. Candida albicans, a normal

commensal in the mouth and intestine, reaches deeper tissues only when mucosal

or cutaneous barriers are breached by disease, surgery, trauma, or catheterization.

Histoplasmosis, blastomycosis, coccidioidomycosis, and paracoccidioidomycosis

have been called endemic mycoses to emphasize their preferential geographical

Figure 5 (Continued.)

(c)

Table 3 Fungal Infections

Yeastlike organism Moldlike organism Dimorphic organism

Candida spp. Aspergillus spp. Coccidioidomycosis

Cryptococcus spp. Rizopus spp. Blastomycosis

Sporotrichosis

Histoplasmosis

Paracoccidiomycosis
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Figure 6 (a) Sixty-year-old female patient with low back pain progressively deteriorat-

ing over the last few months and before admission to the hospital experienced severe

weakness in the lower extremities. (b) Sagittal MRI T1-weighted image demonstrates

complete destruction of L1 vertebra, with intact adjacent intervertebral disks. (c) Sagittal

T2-weighted image shows high-intensity signal suggestive of purulent material. The patient

was treated successfully by means of excision of the affected T12 and L1 vertebrae,

anterior reconstruction with titanium mesh cage filled with the excised ribs, and anterior

and posterior instrumentation. (MRI, magnetic resonance imaging.)

(a)

(b)

(c)
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distribution. Some fungi, such as Candida and Aspergillus spp., are said to be

opportunists in that they usually infect hosts with compromised immunity, but

this distinction is not always absolute (51).

The clinical and imaging pictures of most fungal infections of the spine are

nonspecific, and there is a spectrum of appearances. Cryptococcosis, blastomy-

cosis, and coccidioidomycosis can be confused with other destructive bone

lesions caused by actinomycosis, tuberculosis, bacterial infections, or metastatic

carcinomas (52,53). Fungal infection should always be considered when an

Figure 7 Algorithm approach for the management of spinal tuberculosis.
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abscess or draining sinus has unusual manifestations. In blastomycosis and

coccidioidomycosis, there is indiscriminate involvement of the vertebral bodies

as in tuberculosis. In tuberculosis and cryptococcosis, the posterior elements of

the vertebral body are usually spared (54). Coccidioidomycosis (52,55) and

blastomycosis (56), however, affect all bony elements. Disk space involvement

varies with respect to the causative fungus (57). It can be found in the early stages

of blastomycosis (53,58), but this observation is not universal (57). In coccidio-

idomycosis there is a relative sparing of the disk space (52,55). Decreased disk-

space height caused by a destructive process is a common finding in candidiasis.

Postdiskectomy infections due to Candida (50) and Aspergillus spp. have also

been reported.

B. Imaging Resources

MRI and CT are valuable in determining the presence and extent of involvement

by the granulomatous disease. The advantage of CT is its ability to show bone

architecture better than MRI. MRI, on the other hand, can depict pathological

changes of the soft tissue, spinal canal, and cord in much more detail than other

imaging modalities (57). The appearance of granulomatous lesions on non-

enhanced MR images can be variable. Most lesions are hyperintense on T2-

weighted images. Intravenous gadolinium on T1-weighted images shows marked

solid enhancement of granulomatous lesions, as opposed to the ring enhancement

characteristic of purulent abscess. Gadolinium-enhanced MR images are valuable

indicators of the disease activity and response to therapy (59,60). T1- and T2-

weighted images do not always distinguish between a burnt-out infection and an

ongoing one, since the abnormal changes of the infection process tend to remain

somewhat permanent. 67Ga-enhanced bone scan can reliably monitor the disease

activity and the response to treatment, as advocated by Lisbona and associates

(61).

C. Bacteriological Investigation

The diagnosis of a mycosis requires demonstration of the pathogenic fungus in

appropriate patient specimens. Visualization of the fungus by smear or histolo-

gical testing is a rapid but less precise and less sensitive diagnostic method than

culture. Demonstration of fungi in tissue sections usually requires slide prepara-

tion with potassium hydroxide and special stains, such as Gomori’s methenamine

silver or periodic acid–Schiff (PAS) stain. A diagnostic biopsy can be done as a

needle biopsy or excisional biopsy. Percutaneous transpedicular biopsy offers the

best approach for diagnosing spinal lesions (62). The biopsy usually yields good

results, and special culture can identify the causative fungi.
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D. Treatment

1. Antimycotic drug therapy

Treatment of fungal spondylitis is often delayed by difficulty in establishing the

diagnosis (50,63,64). Long-term clinical outcome does not seem to be related to

the specific species of fungus, but rather to the interval between the onset of the

symptoms and the treatment of the infection. Medical treatment includes the use

of antimycotic agents, which unfortunately are potentially toxic and have a high

incidence of complications.

a. Amphotericin B. Amphotericin B is the mainstay of medical treatment.

Histoplasmosis, blastomycosis, paracoccidioidomycosis, candidiasis, and crypto-

coccosis are the most responsive mycoses to this drug. Coccidioidomycosis,

extra-articular sporotrichosis, aspergillosis, and mucormycosis are less sensitive.

The usual dose is 0.5 to 0.7mg=kg daily. The goal is to achieve a total therapeutic
dosage of 30mg=kg, which usually takes 6 to 10 weeks. Infusions are generally

given in 5% dextrose over 2 to 4 hours. At the onset, amphotericin B may

occasionally cause a marked febrile reaction and is poorly tolerated by adult

patients with limited cardiac or pulmonary functions. Therefore, a test dose of

1mg intravenously in 20mL of 5% dextrose is recommended with close

observation of vital signs over the next 4 hours. If no adverse reaction is

observed, an initial dose of 0.25mg=kg in 5% dextrose is given intravenously

over 4 hours. The dose is advanced slowly over 5 days to achieve 0.5mg=kg. If
the drug is withheld for more than 5 days because of adverse reactions, it should

be repeated at 0.25mg=kg with gradual increment. Premedication with aspirin or

acetaminophen or the addition of hydrocortisone (25mg) to the infusion solution

decreases the likelihood of chills and fever. This is a drug with serious side

effects. Nephrotoxicity, which depends on the daily dose, is not unusual. Saline

solution infusions have been advocated to reduce azotemia. Permanent loss of

renal function is related to the total accumulated dose of amphotericin B and is

generally noted in adults who have received more than 3 g of the drug. Other side

effects include bone marrow suppression (anemia), hypokalemia, nausea, anor-

exia, weight loss, phlebitis, and, occasionally, hypomagnesemia (65).

Recently, lipid complex, colloidal dispersion, and liposomal formulation of

amphotericin became available. The nephrotoxicity of all three drugs is minimal.

b. Flucytosine. Flucytosine is a synthetic oral drug useful in crypto-

coccosis, candidiasis, and chromoblastomycosis. Drug resistance appears rather

rapidly when flucytosine is used alone. For this reason, the drug is generally used

in combination with amphotericin B. The usual dose of flucytosine is 25 to

37.5mg=kg orally every 6 hours. Even modest reductions in renal function may

elevate flucytosine blood levels into the toxic range with significant incidence of
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neutropenia and thrombocytopenia. Another toxic effect is colitis. Allergic rash

may also develop.

c. Ketoconazole. Ketoconazole is effective in blastomycosis, histoplas-

mosis, paracoccidioidomycosis, and some forms of disseminated coccidioido-

mycosis. The usual adult dose is 400mg orally, once daily. Absorption of

ketoconazole is variable among individuals and is not affected by food, but in

patients who have acquired immunodeficiency syndrome (AIDS) it is poorly

absorbed. Ketoconazole at a dose of 600mg to 800mg orally per day has a cure

rate for blastomycosis of 81% to 100%. Treatment may be required up to 12

months.

d. Itraconazole. This triazole analogue of ketoconazole is superior to the

parent compound in safety and efficacy. Hormonal suppression and hepatotoxi-

city are less marked with itraconazole than with ketoconazole. Clinical indica-

tions for its use involve all those cited for ketoconazole but also include selected

cases of sporotrichosis, cryptococcosis, and aspergillosis. The usual dose is

200mg once or twice a day by mouth with food. For blastomycosis, at daily doses

of 200–400mg, a cure rate up to 90% is reported (66).

2. Surgery

Operative intervention is indicated (1) to obtain tissue for diagnosis, (2) to

débride the spine and drain an abscess, (3) to decompress the neural elements, or

(4) to treat cases that are refractory to antimycotic treatment (50). Drainage and

antifungal treatment can cure the disease but certainly cannot control the pain and

neurological deficit caused by deformity and osseous element neurocompression.

It seems advisable to institute surgery at a rather early stage, particularly when

failure of antimycotic drug therapy or toxicity is evident (67,68).

In the cases of progressive deformity (kyphoscoliosis) and spinal canal

compromise, reconstructive surgery is indicated to decompress the spinal canal,

eradicate pockets of any residual infection, and reconstruct and align the spine.

The anterior spinal surgical approach proved to be an excellent surgical option

because it provides adequate access for radical excision of pathological tissue and

simultaneously allows a one-stage rigid reconstructive procedure (57). Many

studies conclude that anterior decompression and stabilization yield predictably

better results than laminectomy for patients with or without neural compression.

When infection is destroying the vertebral body anteriorly, laminectomy remov-

ing the posterior elements produces only instability of the spine (50), resulting in

progressive kyphosis or even dislocation of the spine (67–69).

Because mycosis is not a glycocalyx-producing infection, there are no

contraindications to the use of anterior device instrumentation for spinal stabi-

lization (57). Biomechanically it has been shown that the Kaneda instrumentation
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is rigid enough and can be used as the sole device, without the need for posterior

instrumentation (70).

E. Types of Fungal Infections

1. Blastomycosis

a. Introduction. Blastomyces dermatitides is a dimorphic fungus that is

endemic in southern, midwestern, and eastern parts of the United States,

especially the Mississippi and Ohio River valleys (71). Blastomycosis has also

been reported as a rare condition in southern Canada, South America, Africa, and

Asia (72,73). All ages are affected, although there is a higher frequency in the

third and fourth decades of life (51). The incidence of blastomycosis is much

lower than that of either coccidioidomycosis or histoplasmosis (74). The severity

of the disease ranges from asymptomatic to life-threatening. Blastomycosis is

almost exclusively acquired by inhalation of airborne spores from soil, decom-

posed vegetation, or rotting wood, resulting in a primary lung infection. The

initial pulmonary infection may heal spontaneously or become chronic. Whether

or not the lung lesion resolves spontaneously, infection not uncommonly may

spread hematogenously to other organs with variable involvement. Skin and

bones are among the most common extrapulmonary sites, followed by the

genitourinary tract (prostate), central nervous system, and oropharynx (71,75).

Osseous involvement ranges from 14% to 60% of the disseminated form of the

disease (76,77). The spine (with predilection for the lumbar and the thoracic

region) is the most common site of skeletal involvement, followed by the skull,

ribs, tibia, bones of the foot, and wrist (58).

b. Clinical Manifestation. The clinical and imaging manifestations can be

confused with those of other destructive bone lesions (52,53). In blastomycosis

there is an indiscriminate involvement of the vertebral bodies, but unlike

tuberculosis (54), it can also commonly affect the posterior elements of the

vertebral body (56). Some reports have shown that the disk space may also be

involved in early stages of blastomycosis (53,58). However, this observation is

not universal (57).

Spontaneous spinal fusion, a frequency occurrence in tuberculosis, has not

been observed in blastomycosis (57). Soft tissue extension with formation of

fluctuating paraspinal abscesses and ulceration is common (72), as in tubercu-

losis, but blastomycosis has a greater tendency to produce fistulae (57).

c. Laboratory Investigation. The diagnosis of blastomycosis involves skin

testing, serological assays, and mycological cultures of involved tissue (78).
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Blastomycin skin testing is used only for epidemiological studies. Most of

the patients exposed to the fungus have a positive skin test result that usually

becomes negative over the ensuing years.

Serological tests include complement fixation, immunodiffusion, indirect

enzyme immunoassay, sandwich enzyme immunoassay, Western blot, and radio-

immunoassay (78).

All currently available serological tests are characterised by their lack of

sensitivity as well as cross-reactivity with other fungal infections, particularly

histoplasmosis, which has a similar endemic preference. The only definitive

diagnosis of blastomycosis is based on identification of the organism in tissue

specimens or cultures. Blastomycosis colonies may take several weeks to grow in

culture media, and diagnosis of blastomycosis should not be disregarded until

culture results remain negative for at least 4 weeks (79,80).

d. Treatment. Before the advent of chemotherapy, blastomycosis had an

unrelenting course and mortality rates were reported to be as high as 78% (81).

Some authors believe that in immunocompetent patients with uncomplicated

pulmonary forms of the disease, therapy may not be necessary (82–84). However,

considering the dreadful complications of blastomycosis and the relative safety of

oral antifungal medication, antifungal therapy is recommended by some, even for

the mildest form (57,66,85,86).

Amphotericin B (0.4mg=kg daily for 10 weeks) was previously considered

the treatment of choice for all forms of blastomycosis, but as this drug has serious

side effects and the infection is not fulminant, other drugs, such as itraconazole

and ketoconazole, are recommended. However, amphotericin B remains the drug

of choice for patients who are severely immunocompromised or have a dissemi-

nated form of the disease with a life-threatening condition. The cure rate of

amphotericin B was reported to be 87% when a 1-g course of therapy was used,

and 97% when a 2-g course of treatment was used.

Absolute indications for surgery are progressive deformity and spinal canal

compromise with neurocompression (57) (Figs. 8, 9, and 10).

2. Coccidioidomycosis

a. Introduction. Coccidioides immitis has two forms (dimorphic), grow-

ing as a mold on most culture media, but as a nonbudding spherical form (a

spherule) in host tissue or under specialized conditions. C. immitis is a soil

saprophyte found in certain arid regions of the United States, Mexico, Central

America, and South America. Within the United States, most cases of infection

with C. immitis are acquired in California, Arizona, and western Texas. It is

particularly prevalent in central California, where it carries the name of San

Joaquin Valley fever. Infection in humans results from inhalation of wind-borne

arthrospores from soil sites.
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b. Clinical Manifestation. The usual course of pulmonary infection is

complete healing, although an area of pneumonitis (detected on radiographs) may

heal by forming a coinlike lesion called a coccidioidoma. Dissemination is an

uncommon, but dreaded, complication. Coccidioides immitis is the most infec-

tious of all fungi capable of producing systemic disease. Although the disease

occurs in all ages, it is most prevalent in the age group between 25 and 55 years

of age, with a tendency for greater dissemination in males. The disseminated

form is 10 times more common in blacks than in whites and is of even greater

hazard to Filipinos. Other susceptible individuals to the disseminated form are

Native Americans, Mexican Americans, pregnant women, and immunosup-

pressed patients, including those with AIDS (51).

C. immitis incites a chronic granulomatous reaction in host tissue, often

with caseation necrosis. Lung and hilar node lesions may show calcification.

Figure 8 (a) MRI of the lumbar spine pre- and post-gadolinium. (b) Sagittal T1-

weighted image reveals replacement of the normal fatty signal of L2. Sagittal post

gadolinium with fat saturation images reveals abnormal enhancement of the L2 vertebral

body with spread via both psoas muscles. The disks are relatively spared. (MRI, magnetic

resonance imaging.)

(a) (b)
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Most bony lesions are lytic in nature and indiscriminately involve the vertebrae by

affecting both the anterior and posterior bony elements (52,55). Often, multiple

spinal lesions are found. Paraspinal masses can be seen with contiguous rib

involvement and usually are extensive (87). Despite extensive bone destruction,

the disk space is relatively spared (52,75); therefore, disk height preservation is a

characteristic radiographic finding. However, MRI often demonstrates abnormal

densities at the intervertebral disks. The disk typically shows low signal intensity

Figure 9 (a) Aspirated material from the spine showing double-contour, thick-walled

budding yeasts with surrounding acute inflammatory cells. (b) Histological section of bone

showing double-contour, thick-walled budding yeast in multinucleated giant cells and

adjacent inflammation with extracellular organism.

(a)

(b)
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on T1-weighted images and high signal intensity on T2-weighted images.

Commonly, epidural extension of inflammatory, nonliquefactive tissue is seen

beneath the longitudinal ligament on MR images (87). Vertebral body marrow

typically shows heterogenous changes. So the more common pattern of MRI

appearance is mild disk involvement with extensive heterogenous bone marrow

and soft tissue involvement (87) (Fig. 11).

When coccidioidomycosis is suspected, sputum, urine, and pus from the

lesion should be examined for C. immitis by wet smear and culture. On biopsy,

the appearance of the mature spherule, the hallmark of diagnosis, helps to

distinguish coccidioidomycosis from nonbudding forms of Blastomyces and

Cryptococcus spp. Specimens must be handled with extreme care to prevent

infection of laboratory personnel.

Serological tests are very helpful in the diagnosis of coccidioidomycosis.

The complement fixation test is more specific and accurate than latex agglutina-

tion and apgar gel diffusion tests.

c. Treatment. Neither spontaneous cure nor spontaneous spinal fusion, a

feature of tuberculosis infection, has been observed in coccidioidomycosis

(57,88). Patients respond poorly to pharmacological therapy alone and often

require surgery (89,90). The goal of surgery is to decompress the neural element

with radical excision of the infectious process and stabilize the spine with

instrumentation to prevent deformities.

Patients who have severe or rapidly progressing disseminated coccidioido-

mycosis are initially treated with intravenous amphotericin B at a dose of 0.5 to

Figure 9 (c) Budding yeast highlighted by Gomori’s methenamine silver stain with

germ tube form (right upper corner).

(c)
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Figure 10 (a) MRI 5 months after therapy reveals decreased enhancement on gadoli-

nium T1-weighted image with fat saturation. Anteroposterior radiographs (b) before and (c)

after instrumentation.

(MRI, magnetic resonance imaging.)

(a) (b)

(c)
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0.7mg=kg daily. Ketoconazole (400mg daily), itraconazole (200mg twice daily),

or fluconazole (400 to 600mg daily) is used for indolent disseminated forms or

after successful treatment of the severe form with amphotericin B, which usually

takes 2 to 3 months. These oral agents are also useful for long-term suppression

of infection, and treatment should be continued for years, to prevent relapse of

the disease activity. Of the six patients referred to the senior author, there were

two recurrences because of inadequate treatment and one eventually died. Five of

these patients were treated successfully. Anterior decompression, femoral allo-

graft reconstruction, and fixation with screw and plates were performed on two

patients (Fig. 12). The other three were treated by combined anterior reconstruc-

tion with a femoral allograft and stabilization with plate and screws, and

augmented posteriorly by instrumentation to maintain the correction of defor-

mities (Fig. 13).

3. Candidiasis

a. Introduction. Candida albicans is the most common cause of candi-

diasis, but C. tropicalis, C. parapsilosis, C. glabrata, and some other species can

also cause candidiasis that may even be fatal. Candidiasis belongs to opportu-

nistic deep mycosis. It is often preceded by increased colonization of the mouth,

vagina, and stool with Candida spp. due to broad-spectrum antibiotic therapy.

Figure 11 Coccidioidal spondylodiskitis with almost complete destruction of C5

vertebra. The intervertebral disks are spared.
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Figure 12 (a) Coccidioidal spondylodiskitis with complete destruction of T5 vertebra

and cord compression with serious neurological deficit. (b) The patient was treated

successfully by means of anterior T5 corpectomy, tibial allograft and Kaneda instrumenta-

tion. (c) Tubercle-like structure that contains the characteristic spherules (sporangia) of

coccidioidomycosis. The sporangia in this figure contain endospore.

(a) (b)

(c)
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b. Clinical Manifestation. Candidal spondylodiskitis is a rare condition

(91). Cases of postdiskectomy infection have been reported with the causative

agents C. albicans and C. parapsilosis (50). Neurological deterioration occurs in

21% of patients (91). Spinal cord lesions in candidal spondylodiskitis are

produced by either vertebral collapse, spinal cord infarct, or epidural abscess

(91–93). Twenty-three percent of the cases described in the literature occurred in

intravenous drug users, and candidiasis should be suspected when para- or

tetraplegia occurs in these patients (91).

c. Treatment. The treatment of choice is amphotericin B. The amount of

amphotericin B and its antecedent toxicity can be decreased by combining the

drug with flucytosine. In the absence of progressive neurological deficit,

suspected abscess formation, or significant loss of spinal alignment, intravenous

amphotericin B with brace immobilization is the initial treatment of choice. A

Figure 13 (a) Sagittal T1-weighted image demonstrating extensive destruction and

resorption of T11, T12, and L1 vertebrae with concertina collapse and kyphotic deformity

causing severe neurocompression and paraparesis. Bone marrow edema is seen throughout

T10, T11, T12, and L1 vertebrae. Treatment consisted of complete anterior excision of T11

and T12, partial excision of L1, femoral allograft, and anterior and posterior stabilization

with instrumentation as seen on (b) AP and (c) lateral view. (See page 452.)

(a) (b)
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combination of antifungal therapy and surgical débridement and spinal fusion can

be used in selected cases. Thoracic infections usually require early surgery,

whereas patients with lumbar disease may do well with nonoperative management

(94). In a 2001 report, Frazier and associates concluded that the fact that 10 of 11

patients required spinal surgery suggests that antifungal management alone may

not produce acceptable results (50). The authors treated one case of L3-L4

candidiasis of a patient who had poorly controlled diabetes mellitus who

responded well to amphotericin B and surgical decompression of lumbar spine

abscess.

4. Torulopsosis

a. Introduction. Torulopsis glabrata is a yeastlike fungus that is closely

related to the Candida species (95) but does not form hyphae or pseudohyphae.

Figure 13 (d) A year later the instrumentation and bone graft were infected with

Staphylococcus aureus, necessitating excision of the instrumentation. The defect was

reconstructed with vascular fibular graft with excellent response. AP, anteroposterior.

(c) (d)
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Yeast from T. glabrata is the same size as the yeast from Histoplasma capsulatum

(51). Like Candida spp., it is an opportunistic pathogen that can cause urinary

tract infections, pneumonitis, endocarditis, and esophagitis (96). It can also cause

complications in immunocompromised hosts such as patients with cancer or

diabetes mellitus and patients who receive corticosteroids and broad-spectrum

antibiotics (97).

T. glabrata can also cause spinal osteomyelitis with neurological deficits.

Radiographic changes are indistinguishable from those of candidiasis and the

therapeutic approach is similar to that described for candidiasis (94).

5. Aspergillosis

a. Introduction. Aspergillus fumigatus is the most common cause of

aspergillosis, but A. flavus, A. niger, A. nodulans, and A. terreus can also

cause disease. Aspergillus sp. is a mold with septate hyphae. All the common

species of Aspergillus are widely found in the environment, growing on dead

leaves, stored grain, compost piles, hay, and other decaying vegetation (51).

b. Clinical Manifestation. Aspergillus species commonly invade the

respiratory tract, where they usually reside as harmless inhabitants. Invasion of

lung tissue is confined almost entirely to immunosuppressed or chronically ill

patients, such as patients with AIDS and those receiving chemotherapeutic or

immunosuppressive treatment (98). Aspergilloma can develop in patients who

have chronic cavitation or allergic bronchitis (67,99).

Aspergillus sp. is a common cause of skeletal mycosis, predominantly

affecting the spine (100). In children, aspergillus spondylodiskitis is usually

related to contiguous spread from the lungs to the spine (99). However, in adults

these infections mostly arise through hematogenous spread from pulmonary,

gastrointestinal, or cerebral locations (100). Infection with Aspergillus sp. is also

described after diskectomy (101). Aspergillosis of the spine can also affect

patients without predisposing risk factors (99).

Radiographic appearance is similar to that of other granulomatous infec-

tions with extensive destruction of disk and vertebral bodies. The diagnostic

process is often difficult. Serological tests are available, but false-negative results

are not uncommon. Needle biopsy does not always provide a definitive diagnosis

(67,99).

c. Treatment. Treatment consists of medical therapy alone (102) or in

combination with surgery. Radiation therapy has also been used (100). Intrave-

nous amphotericin B (1.0 to 1.5mg=kg daily) is the drug of choice. Itraconazole

(200mg twice daily) is useful for immunocompetent patients with indolent forms

of the infection (102). Surgical treatment is favored if the response to medical

treatment is not satisfactory or in the presence of neurological complications
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(67,98–100). One of the authors’ patients had aspergillous T5-T6 spondylodiski-

tis with epidural abscess and paraplegia as a complication of high doses of steroid

for Wegener’s granulomatosis. He had anterior surgical decompression, fusion,

and posterior stabilization with incomplete neurological improvement (Fig. 14).

6. Histoplasmosis

a. Introduction. Histoplasma capsulatum is a dimorphic fungus that

grows as a mold in nature. Hyphae bear both large and small spores, which

are used for identification. Despite its name, the fungus is unencapsulated.

Infection with H. capsulatum has been encountered in many regions of the

world but is much more frequent in certain areas. Within the United States,

infection is most common in the southeastern, mid-Atlantic, and central states

(51).

b. Pathological Characteristics. Small spores of H. capsulatum reach the

alveoli on inhalation and are transformed there to budding forms. With time, an

intense granulomatous reaction occurs. Caseation necrosis or calcification may

mimic tuberculosis. Transient dissemination may leave calcified granulomas in

the spleen.

c. Clinical Manifestation and Treatment. In a small portion of patients,

histoplasmosis becomes progressive and potentially fatal. When the spine is

affected, the same principle of treatment is applied as for other fungal infections.

7. Cryptococcosis

a. Introduction. Cryptococcosis is an infection caused by a yeastlike

fungus, Cryptococcus neoformans. It occurs widely in nature and is found in

large numbers in pigeon roosts. Infection is thought to be acquired by inhalation

of fungus into the lungs. Pulmonary infection has a tendency toward spontaneous

resolution and is frequently asymptomatic (51). Approximately three-fourths of

patients have a predisposing condition, such as leukemia, lymphoma, Hodgkin’s

disease, sarcoidosis, tuberculosis, or diabetes or are receiving supraphysiological

doses of glucocorticoids (103,104). Cryptococcus sp. infects 7% to 10% of

patients with AIDS (105). In these patients the mycosis disseminates and is

difficult to cure. Less commonly, healthy individuals are affected. The majority of

patients have meningoencephalitis at the time of the diagnosis. Osseous involve-

ment including the spine is usually a manifestation of disseminated crypto-

coccosis, appearing in 5% to 10% of cases (103).

b. Imaging Resources. The radiological features of spinal involvement are

nonspecific, and there is a spectrum of appearances. A lytic lesion within a

vertebral body can resemble the cystic form of tuberculosis, with discrete margins
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Figure 14 Sixty-year-old male patient with Frankel B paraplegia caused by Aspergillus

sp. spondylodiskitis. The patient had been on high-dose steroids for Wegener’s granulo-

matosis. (a) Sagittal MRI image demonstrated destruction of T5-T6 disk and adjacent

vertebrae with posterior extension of purulent material. (b) Biopsy obtained during anterior

vertebrectomy demonstrates branching septate hyphae (Gomori’s methenamine silver stain,

magnified �400).

(a)

(b)

Granulomatous Infections of the Spine 455



and surrounding sclerosis. The infection may appear as a permeative lesion

involving mainly a single vertebral body with collapse. In the latter stage, the

infection may spread to a contiguous vertebra, forming also paravertebral soft-

tissue masses suggestive of spinal tuberculosis (104), and as in tuberculosis, the

posterior elements are usually spared (106). Therefore, tissue diagnosis is

recommended for appropriate antibiotic treatment.

c. Treatment. Skeletal lesions respond variably to treatment, and sponta-

neous healing has been observed. The antifungal agent of choice is amphotericin

B. Addition of flucytosine allows a lower daily dose of amphotericin B.

8. Actinomycosis

a. Introduction. The actinomycetes are a heterogeneous group whose

morphological characteristics suggest they are a fungus but that are classified as

bacteria. Actinomycetes infections include actinomycosis, nocardiosis, and acti-

nomycetoma. They resemble fungi infections characterized by chronicity and

Figure 14 Treated successfully by means of anterior debulking of the destroyed tissue,

reconstruction with rib bone graft, and posterior stabilization with claw-rods instrumenta-

tion system (c and d). (MRI, magnetic resonance imaging.)

(c) (d)
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poor transmissibility from person to person. These organisms are gram-positive

higher bacteria that branch as fungus does but have the diameter, nuclear

organization, cell wall composition, antibiotic susceptibility, and ability to

induce neutrophilic inflammatory reaction similar to those of other bacteria

(107,108).

The most common infective organism in humans is Actinomyces israelii.

Many actinomycotic infections are polymicrobial in the sense that they very often

are contaminated by other bacteria such as Bacteroides, Staphylococcus, and

Streptococcus spp. This contamination occurs through fistulae that are commonly

found in Actinomycetes sp. infection (107). However, the extent to which these

bacteria contribute to pathogenesis of the infectious process is uncertain.

Disruption of the mucosal barrier allows the actinomycetes to invade

beyond their endogenous habitat in the mouth, lower gastrointestinal tract, and

female genitourinary tract and to provoke local infection. In rare cases, distant

hematogenous spread may occur.

Acute and chronic inflammatory tissue resembles that of pyogenic infec-

tions. The initial acute inflammation is followed by the characteristic chronic,

indolent phase. Lesions usually appear as single or multiple indurations and, in

the absence of suppuration, can be misconstrued as neoplastic growth. Once

established, actinomycosis spreads contiguously in a slow and progressive

manner, ignoring tissue planes. Sinus tracts can close and reopen spontaneously.

The incidence of spinal actinomycosis is less than 5% of all actinomycotic

infections (109,110). The infection spreads to the spine usually from adjacent

soft-tissue infection or through hematogenous seeding (111).

b. Imaging Resources. On plain radiography the intervertebral disk space

appears intact (112). This can help in differential diagnosis from tuberculosis or

other bacterial infections. Adjacent pedicles, transverse processes, and the

adjacent end of the ribs can be affected. The lesion is a slow destructive process

with reactive bone formation, which on radiography has a characteristic honey-

comb architecture or the appearance of sawtoothed borders (109,112,113).

The technetium bone scan is a sensitive method that shows abnormal

radionuclide uptake at an early stage of the disease activity before any radi-

ological changes occur. MRI, which is sensitive but not specific, demonstrates the

full extent of infection, especially paravertebral masses and epidural soft tissue

extension on the thecal sac. On T1-weighted sequence, an isointense signal

involving the bodies of infected vertebrae can be seen, with hyperintense signals

on T2-weighted sequences. Characteristically the disk signal is usually normal.

c. Histological and Bacteriological Characteristics. Diagnosis of spinal

actinomycosis in the early phase is difficult, and it is usually detected late. The

disease must be confirmed histologically and microbiologically. Sulfur granules

in foamy macrophages are characteristic histological findings. They consist of
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Actinomyces israelii aggregated into microcolonies that grow in a radial config-

uration, with the peripheral layer of organisms having club-shaped ends (114).

Bacteriological diagnosis is more challenging since Actinomyces spp. are slow-

growing microorganisms and are frequently outnumbered by contamination of

anaerobic or aerobic bacteria.

d. Treatment. Intravenous administration of 18 to 24 million units of

penicillin for 6 weeks, followed by oral therapy with penicillin or amoxicillin for

another 6 to 12 months, is a reasonable approach for serious infections. Less

extensive disease may require less intensive therapy. For the treatment of

penicillin-allergic patients, tetracycline has been used most extensively. Minocy-

cline, clindamycin, and first-generation cefalosporins are other suitable alterna-

tives. Although the role of concomitant infection with other bacteria is not clear,

the use of a therapeutic regimen that covers these organisms is a reasonable

approach, particularly in critically ill patients.

Since antimicrobial therapy alone can cure extensive disease, it is unclear

how often surgical intervention is actually necessary. Moreover, percutaneous

drainage has become an alternative option. However, combined medical-surgical

therapy is still advocated by some authorities. Spinal actinomycosis with

predominant paraspinal infection and relatively minor epidural involvement,

with no neurological deficits, responds well to antibiotic therapy alone

(111,115). Emergency decompression is indicated when epidural spread is

associated with progressive deterioration of neurological status, particularly in

the presence of cord compression (111,116–119). There is no need to débride all

the infected material within the spinal canal aggressively because of the risk of

uncontrollable bleeding and increased morbidity rate. Systemic antibiotics can

complete the job of eradicating residual infection (107,120).

IV. SPINAL BRUCELLOSIS

A. Introduction

Brucellosis is a systemic infection caused by an aerobic, gram-negative cocco-

bacillus commonly found in domestic animals and transmitted to humans by

direct contact, by ingestion of contaminated products, and possibly by inhalation

of aerosols (121,122).

Human brucellosis is predominantly caused by three different variants of

Brucella: B. melitensis, acquired from goats, sheep, and camels; B. abortus, a

bovine brucella; and Brucella suis, which can be acquired from hogs. Brucella

canis (dogs) and Brucella ovis have also been described, although they rarely

cause human disease (123). These bacilli are unencapsulated, nonmotile, non-

spore-forming facultative intracellular parasites. Brucellae are killed by boiling or
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pasteurization of milk and milk products. They survive for up to 8 weeks in

unpasteurized white soft cheese made from goat’s milk and are not killed by

freezing.

Geographical areas with high prevalence include the Mediterranean basin,

the Arabian Gulf, the Indian subcontinent, and parts of Mexico and Central and

South America; it is very rarely seen in the United States or Europe. Some reports

indicate that, even in developed countries, the true incidence of brucellosis may

be up to 26 times higher than the reported incidence. In the United States, about

200 new cases are reported per year; however, this is estimated to represent only

4% to 10% of recognized cases (121). Consumption of imported cheese, travel

abroad, and occupation-related exposures are the most frequently identified

sources of infection in the United States. Men are affected more often than

women because of occupational hazards. Brucellosis of the spine is a well-known

complication of Brucella spp. infection and is a frequent cause of spondylitis in

Mediterranean countries (124).

B. Pathophysiological Characteristics

The invading organism localizes in tissues of the reticuloendothelial system in the

liver, spleen, lymph nodes, and bone marrow and is spread by lymphatics and

through the bloodstream (121). Complications may result in osteomyelitis, septic

arthritis, spinal infections, and central nervous system involvement. Multisystem

disease can occur if the host resistance is weakened (125). Brucella sp.

spondylitis may develop a neurological complication in 74% of cases (126). In

10% of patients the organism may also affect the central nervous system through

the bloodstream or through direct extension from a spondylitic lesion. Compres-

sive myelopathy or radiculopathy may occur as a result of infected disk

herniation, epidural abscess, or granuloma formation (127–130). Other neurolo-

gical complications are arachnoiditis, myelopathy, localized neuritis (cranial

neuritis, radiculitis), and demyelination (Guillain-Barré syndrome) as the result

of a Brucella sp.–induced immunological reaction (127,129,131).

C. Clinical Manifestation

Brucella sp. infections are often asymptomatic and may render immunity in more

than 90% of cases. When symptomatic, it is characterized by low-grade fever,

weakness, sweats, headache, lymphadenopathy, hepatosplenomegaly, and gener-

alized musculoskeletal symptoms (myalgia and arthralgia) that may develop after

an incubation period, which varies from a few days to several weeks. Most

patients recover from the acute infection within 3 to 6 months, but in some cases

the infection may remain active for years, causing variable degrees of generalized

weakness (132).
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Spinal involvement is usually a late complication and occurs in 2% to 53%

of Brucella sp. infections (123,133,134). Among those with spondylitis, 10% to

20% have paraspinal abscess, and 10% to 43% have some degree of neurological

compromise (126).

Localized spinal pain is the earliest sign of spondylitis (122). Younger

patients may report low backache resembling sacroiliac joint arthritis. Because of

its nonspecific presentation, brucellosis can easily be overlooked.

D. Imaging Resources

Brucella sp. spondylitis has a characteristic predilection for the lower thoraco-

lumbar spine, which is affected in 45% (123) to 75% (135,136) of cases. The L4-

L5 vertebral level is the most commonly affected region. Early radiological

findings, which usually appear 3 months after the onset of symptoms (132,137),

are nonspecific and may include evidence of bone destruction in the superior

vertebral endplate and new bone formation as a result of the healing process

leading to a typical ‘‘parrot beak’’ osteophyte (121,123,132). The disk space in

the early stage usually is not affected (Fig. 15). The infection can involve the

entire vertebral body and may extend as a secondary process to the adjacent disk

space and adjacent vertebrae (134). Although reported rates of disk involvement

range as high 66% and 100%, these incidences probably represent late and

chronic stages of the disease process (135,136,138).

MRI lesions in Brucella sp. spondylitis are less impressive than in other

spinal infections. Even in severe spinal involvement, no vertebral collapse,

gibbous deformity, or spinal cord compression is usually seen (136). Abscess

formation is also less frequently seen (Fig. 16). These features help differentiate it

from tuberculous spondylitis. At times, arachnoiditis or demyelination may also

appear (134).

E. Bacteriological Characteristics and Diagnostic Tests

The diagnosis is usually made by demonstrating a high or rising serum antibody

titer to Brucella sp. (123,139). The Brucella sp. agglutination test is quite

reliable; 97% of infected persons have a positive result within 3 weeks of

exposure.

Brucella sp. can be cultured from the blood during a bacteremic episode

and from involved lymph nodes, from bone marrow, or from the granuloma later

in the course of the disease (121,123). The organism is fastidious, and unless the

disease is suspected and appropriate media are used, culture results are usually

negative (123). The finding of Brucella sp. organisms in blood culture is

diagnostic, but positive blood culture result rates are less than 20% (140).
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F. Treatment

Antibiotics are the mainstay of treatment for brucellosis. Single-agent therapy

leads to a high incidence of failure and relapse and the potential development of

resistance. Relatively short courses of treatment with combinations of different

antibiotics have similarly been associated with high rates of recurrences. A

minimal course of at least 3 months is recommended. The combination of

doxycycline and an aminoglycoside (streptomycin, gentamicin, or preferable

netilmicin) for 6 weeks followed by the combination of doxycycline and

rifampicin for another 6 to 8 weeks is quite effective treatment, which the authors

have applied routinely in their practice. Doxycycline is administered orally

100mg twice daily. Netilmicin is administered intramuscularly to outpatients or

Figure 15 Lateral radiograph showing destruction of the anterior inferior region of the

L3 vertebra. Six months later the distraction proceeded to involve almost the entire inferior

portion of the vertebra. Note: (a) The intervertebral disk apparently is not destroyed; (b)

evidence of reparative process is demonstrated with sclerosis of the margins of the

vertebral bodies and large anterior osteophyte-like ‘‘parrot beak’’ bridging the interverte-

bral disk to fuse with the L4 vertebra.

(a) (b)
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Figure 16 Rare case of Brucella sp. diskitis with abscess formation of L5-S1 disk. (a)

Severe radiculopathy as seen on sagittal MRI T2-weighted image, and (b) axial T1 image.

(MRI, magnetic resonance imaging.)

(a)

(b)
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intravenously to inpatients in a dose of 2mg=kg every 12 hours. The drug level

should be monitored regularly in the plasma in order to maintain constant levels.

An alternative regimen consists of the doxycycline-rifampicin combination given

for 12 weeks. Rifampicin is administered as a single daily dose of 600mg to

900mg. The doxycycline-netilmicin combination is more effective than the

doxycycline-rifampicin combination in that rifampin reduces levels of doxycy-

cline in plasma. Co-trimoxazole alone or usually in combination with rifampicin

can also be used (123).

Brucella sp. antibody titers seem the most accurate way of assessing

response to treatment. Antibiotics should be continued until the titer is 1 : 160

or less and there is associated clinical and radiographic improvement (123).

Careful and long-term follow-up is recommended because of a high recurrence

rate.

Brucellar granulomas or abscesses may resolve spontaneously without

treatment (132,133,141). However, it is doubtful that spontaneous resolution of

Brucella sp. spondilitis is always possible (133,142).

Adjunct treatments are rest and orthosis. Complete bed rest (except in the

acute phase) should be discouraged. The spine is immobilized with a rigid

orthosis until the resolution of back pain, which usually occurs after 3 to 4

months. Elderly patients may not show prompt response even with adequate

antibiotic treatment.

Many authors consider operation for brucellar abscess as a last resort

because of the good response to antibiotic treatment (132,141). A relative

indication for surgery is neurological deficit with severe pain. Severe neurological

deficit caused by bone deformities and purulent epidural abscesses are absolute

indications for surgery because of possible irreversible neural damage.

Over the past two years the authors have surgically treated nine patients in

our institution. Two had surgery for predominantly mechanical back pain and

seven for severe neurological deficit and back pain. The patients who had

mechanical back pain had posterior stabilization and transpedicular drainage of

the purulent material. One of the patients had a recurrence despite adequate

antibiotic treatment of 3 months’ duration. All patients with neurological deficit

made an excellent recovery. Two patients with spondylitis and epidural abscess

had laminectomy. Two patients who had rare cases of isolated diskitis also

underwent laminectomy. Two patients with spondylodiskitis of the lumbar spine

and anterior epidural abscess had anterior decompression, fusion, and posterior

stabilization. One patient, who was treated adequately with antibiotics,

experienced severe myelopathy and paraparesis caused by pathological fracture

and kyphotic deformity and was treated effectively by means of anterior

corpectomy (T12) and reconstruction with vertebral body cage and anterior

plate fixation.
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V. SUMMARY

The spectrum of granulomatous spinal infections is broad, and each variety of

infection has its unique characteristics and clinical course. These diseases share

the common characteristic of formation of granulomas in infected tissue. MRI is

generally the imaging modality of choice to identify and evaluate these lesions.

Anti-infective medical therapy is generally the mainstay of treatment once the

specific infecting organism has been identified through biopsy, but surgical

intervention is often required to correct deformity, débride infected tissue, or

resolve neurocompression.
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I. INTRODUCTION

Osteoarticular infections are unique in children. Unlike adults, children have a

propensity to development of osteoarticular infections through the hematogenous

route. Since children tend to have frequent episodes of bacteremia, it is no wonder

that acute hematogenous osteomyelitis and septic arthritis are important disease

processes in this age group. The morbidity associated with a pediatric osteoarti-

cular infection is potentially devastating, yet early diagnosis and treatment can

prevent most complications. Proper treatment and follow-up are important;

undertreatment can result in relapse and improper or broad use of antibiotics

carries risks of the development of resistant organisms. This chapter focuses

primarily on acute hematogenous osteomyelitis (AHO), since it is the most

common form of osteoarticular infection in children. Septic arthritis, subacute

and chronic osteomyelitis, and puncture wounds of the foot are also discussed.

II. EPIDEMIOLOGICAL CHARACTERISTICS

Acute hematogenous osteomyelitis occurs in children less than 13 years old at a

rate of 1 in 5000 (1). There is a male predominance in most series. AHO is

particularly common in neonates, in whom 75% to 100% of cases of septic
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arthritis are secondary to osteomyelitis. Overall, 10% to 16% of cases of septic

arthritis are attributable to underlying osteomyelitis (2). The character of AHO of

the long bones in children has changed over the past three decades. In the United

Kingdom, Staphylococcus aureus still accounts for almost a third of cases (31%),

but that proportion is down from 54% in the early 1970s. The overall incidence of

long bone infection decreased from 84% in the early 1970s to 57% in the late

1990s. The proportion of children with subacute infection has increased from

12% to 42% (3). These changes may be due to the trend toward the use of broad-

spectrum antibiotics early in the course of childhood illness, increased awareness,

and earlier presentation to a medical facility (4). Certainly the trend toward more

invasive procedures in the neonatal intensive care unit makes this population

uniquely susceptible to hospital-acquired long bone sepsis.

III. PATHOGENESIS

Primary hematogenous osteomyelitis occurs mainly in infants and children. The

metaphyses of the long bones (tibia, femur) are most frequently involved. The

anatomical features of the metaphyseal region explain this clinical localization

(5). The area adjacent to the growth plate has a normally low oxygen tension and

a low pH, prerequisites for normal physeal function. Nonanastomosing capillary

ends of the nutrient artery make sharp loops under the growth plate and enter a

system of large venous sinusoids, where the blood flow becomes slow and

turbulent. Bacteria can become lodged in these sharp capillary loops, where they

may proliferate in the relatively acidic and anaerobic environment. The metaphy-

seal capillaries lack phagocytic lining cells, and sinusoidal veins contain func-

tionally inactive phagocytic cells (6). The combination of sluggish flow, low

oxygen tension, low pH, and lack of phagocytic reaction in the area can result in

infection. Minor trauma also makes the area more susceptible to inoculation from

transient bacteremia (7). Trauma to the physis produces a small hematoma,

vascular obstruction, and subsequent bone necrosis.

The acute infection initially produces a local cellulitis that results in

infiltration by leukocytes, increased bone pressure, further decrease in pH, and

decreased oxygen tension. The cumulative effects of these physiological factors

further compromise the medullary circulation and enhance the spread of infec-

tion. The infection may proceed laterally through the Haversian and Volkmann’s

canal systems, perforate the bony cortex, and lift the periosteum from the surface

of the bone. When this occurs in the presence of medullary extension, both the

periosteal and endosteal circulations are lost, and large segments of dead cortical

and cancellous bone are formed. In the infant, medullary infection may spread to

the epiphysis and joint surfaces through capillaries that cross the growth plate

(Fig. 1). In the child above 1 year of age the infection is usually confined to the

metaphysis and diaphysis since the growth plate is avascular. The joint is spared
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(a)

(b)

Figure 1 This 13-month-old child suffered a bout of right distal femoral osteomyelitis as

a neonate. Note damage on both sides of the growth plate. (b) At age 16 months, note the

intact Harris line indicating symmetrical growth of the distal femoral physis.
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unless the metaphysis is intracapsular. Thus, cortical perforation at the proximal

radius, humerus, or femur may infect the elbow, shoulder, or hip joint, respec-

tively, regardless of the age of the patient.

A single pathogenic organism is usually recoverable from the bone. In

infants, Staphylococcus aureus, Streptococcus agalactiae, and Escherichia coli

are most frequently isolated from blood or bones, whereas in children above 1

year of age, S. aureus, Streptococcus pyogenes, and Haemophilus influenzae are

most commonly isolated. The incidence of H. influenzae infection decreases after

4 years of age. However, the overall incidence of H. influenzae as a cause of

osteomyelitis is decreasing because of the new H. influenzae vaccine now given to

children (8). In adults, S. aureus is the most common organism isolated.

IV. SIGNS AND SYMPTOMS

Neonatal osteomyelitis is characterized by a paucity of systemic and local

findings (9). Local findings include edema and decreased motion of a limb,

commonly known as pseudoparalysis. A joint effusion adjacent to the bone

infection is present in approximately 60% of cases. Often fever is absent and the

erythrocyte sedimentation rate (ESR) is normal despite fulminant infection;

therefore, a high level of suspicion is required in this age group.

Children with hematogenous osteomyelitis may experience abrupt fever,

irritability, lethargy, and local signs of inflammation 3 weeks or less in duration

(10). They may limp or refuse to bear weight on the involved limb. If septic

arthritis is present, passive motion of the joint may be painful. However, 50% of

children have vague complaints, including pain of the involved limb of 1 to 3

months in duration and minimal, if any, temperature elevation.

Infants and children with hematogenous osteomyelitis usually have normal

soft tissue enveloping the infected bone and are capable of a very efficient

metabolic response to infection. Therefore, children have the potential to resorb

large sequestra and generate a significant periosteal response to the infection.

This latter feature leads to substantial formation of bone formed at the margin of

the infection (involucrum) (Figs. 2 and 3). The involucrum affords skeletal

continuity and maintenance of function during the healing phase. If antimicrobial

therapy directed at the responsible pathogen is begun before extensive bone

necrosis, the patient has an excellent probability of disease arrest.

V. DIAGNOSIS

The presumptive diagnosis of osteomyelitis can be based on the combination of

signs, symptoms, and radiographic results. Bone pain plus fever in a child
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(a)

(b)

Figure 2 (a) Oblique and lateral femur radiographs of a 3-month-old 24-week premature

infant with pain and tenderness in the right thigh. At initial exam the radiographs show no

obvious bony abnormality. (b) Twenty-four days later there is obvious exuberant periosteal

reaction. Note the ‘‘bone within a bone’’ appearance of the involucrum.
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constitutes osteomyelitis until proved otherwise. Definitive diagnosis rests on the

obligatory isolation of the pathogen from the bone lesion or blood culture. In

hematogenous osteomyelitis, positive blood culture results can often obviate the

need for a bone aspirate or biopsy when there is radiographic evidence of

osteomyelitis. Blood culture results are positive in up to 50% of children with

osteoarticular bacterial infections (1,11). They should be drawn immediately

once osteomyelitis or septic arthritis is suspected. Any joint effusion should be

tapped and fluid sent for culture, Gram stain, and cell count. A white blood cell

count of 50,000 per high-powered field (hpf) in joint fluid is diagnostic of septic

Figure 3a This 3-year-old African-American female with sickle-cell disease had a

3-week history of pain and tenderness in the right thigh. AP and lateral radiographs of the

femur show the involucrum, or ‘‘bone within a bone.’’ Unlike AHO in otherwise healthy

children, AHO in sickle-cell patients is often diaphyseal.
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arthritis. In the case of osteomyelitis, the bone should be aspirated. The aspiration

of bone through an area of overlying cellulitis is not likely to cause osteomyelitis.

In most children, an 18 gauge spinal needle can be atraumatically inserted at the

point of maximal tenderness, usually without, or with minimal, sedation. As the

needle reaches the cortex, the syringe should be aspirated. If pus is obtained, then

a subperiosteal abscess is present. If no pus is obtained, the needle should be

gently inserted through the cortex and into the cancellous bone of the metaphy-

sis. Again, if pus is obtained then the diagnosis of abscess is made. If only blood

is returned on aspiration of the marrow, then it should be sent for culture and

Gram stain. Between 50% and 87% of bone aspirates yield bacteriological

Figure 3b This 3-year-old African-American female with sickle-cell disease had a

3-week history of pain and tenderness in the right thigh. Lateral radiograph of the femur

showing the involucrum is shown here.
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diagnoses (11–14). All culture specimens must be obtained before antibiotics are

administered.

A. Laboratory Studies

Laboratory studies should include a complete blood count (CBC), ESR, and

C-reactive protein. In most cases of long bone osteomyelitis, the ESR is elevated,

usually above 40 (11). However, the ESR is not a reliable predictor for neonates

or in children with sickle cell anemia. It is not as reliable an indicator of

improvement as C-reactive protein, which is elevated in 98% of cases of AHO at

Figure 3c This 3-year-old African-American female with sickle-cell disease had a

3-week history of pain and tenderness in the right thigh. The patient was treated with

diaphysectomy and application of an external fixator.
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presentation and approaches normal values within 1 week of the initiation of

clinically effective therapy (15). Therefore, whenever an ESR is drawn as part of

the work-up, a C-reactive protein should be used as a baseline to evaluate the

eventual response to therapy. Peripheral WBC count is less reliable as a

diagnostic indicator as it is elevated in only 50% of cases of AHO.

B. Radiographic Studies

In acute hematogenous osteomyelitis, radiographic changes accurately reflect the

destructive process but lag at least 2 weeks behind the evolution of infection. The

Figure 3d This 3-year-old African-American female with sickle-cell disease had a 3-

week history of pain and tenderness in the right thigh. The fixator was removed 4 months

later after regrowth of a normal diaphysis Three-year follow-up. AP of the femur is shown

here.
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earliest changes are swelling of the soft tissue, periosteal thickening and=or
elevation, and focal osteopenia. Periosteal new bone formation may be evident at

5 to 7 days. At least 50%–75% of the bone matrix must be destroyed before

radiographs show lytic changes. Radiographic improvement may lag behind

clinical recovery, even when the patient is receiving appropriate antimicrobial

therapy (16). In contiguous focus and chronic osteomyelitis, the radiographic

changes are subtle, are often found in association with other nonspecific radio-

graphic findings, and require a careful clinical correlation to achieve diagnostic

significance.

Figure 3e This 3-year-old African-American female with sickle-cell disease had a

3-week history of pain and tenderness in the right thigh. Three-year follow-up lateral of

the femur is shown here.
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C. Radionuclide Studies

Radionuclide scans may be obtained to clarify an ambiguous diagnosis of

osteomyelitis or to help gauge the extent of bone and soft tissue inflammation.

In general, it is not usually necessary to obtain these scans for the diagnosis of

long bone osteomyelitis. The actual mechanism of bone labeling with radio-

phatmaceuticals is still unclear. The technetium polyphosphate 99mTc scan

demonstrates increased isotope accumulation in areas of increased blood flow

and reactive new bone formation (17). In biopsy-confirmed cases of hemato-

genous osteomyelitis, it usually yields positive findings as early as 48 hours after

the initiation of the bone infection (18). It is not a reliable test in neonates or in

infections of the foot and ankle because the false-negative rate is high in these

circumstances. Negative 99mTc scans findings in documented cases of osteo-

myelitis may reflect impaired blood supply to the infected area (19).

A second class of radiopharmaceuticals used for the evaluation of osteo-

myelitis includes gallium citrate. Gallium attaches to transferrin, which leaks from

the bloodstream into areas of inflammation. The gallium scan also shows

increased isotope uptake in areas concentrating polymorphonuclear leukocytes,

macrophages, and malignant tumors (20). Since the gallium citrate scan does not

show bone detail well, distinguishing between bone and soft tissue inflammation is

often difficult. Comparison with a 99mTc scan result helps to resolve this problem

(21). Gallium citrate is found to accumulate in areas of reactive bone (20).

Indium-labeled leukocyte scans are less useful in the evaluation of

osteomyelitis. Indium leukocyte scans yield positive results in approximately

40% of patients with acute osteomyelitis and 60% of patients with septic arthritis

(22). Patients who have chronic osteomyelitis, bony metastases, and degenerative

arthritis often have negative scan findings.

D. Computed Tomography

Computed axial tomography (CT) may play a role in the diagnosis of osteo-

myelitis. Increased marrow density occurs early in the infection (23), and

intramedullary gas has been reported in patients with hematogenous osteomyelitis

(24). The CT scan can also help to identify areas of necrotic bone and to assess

the involvement of the surrounding soft tissues. In a recalcitrant infection, the CT

scan may assist in identifying the surgical approach and augment débridement

(23,25). One disadvantage of this study is the scatter phenomenon, which occurs

when metal is present in or near the area of bone infection. This scatter results in

a significant loss of image resolution. The CT scan should not be used as a

substitute for the obligatory aspiration of bone in the suspected area of

osteomyelitis whenever possible.
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E. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has been recognized as a useful modality for

diagnosing the presence and scope of musculoskeletal sepsis (26–28). The spatial

resolution of MRJ makes it useful in differentiating between bone and soft tissue

infection, often a problem with radionuclide studies (29). Unlike the radionuclide

studies, MRI is not useful for whole-body examinations. Metallic implants in the

region of interest may produce focal artifacts, thereby decreasing the utility of the

image (30).

VI. TREATMENT

The components of osteomyelitis treatment include patient evaluation, staging

assessment, identification and sensitivity of microorganism(s), administration of

antibiotics, débridement surgery, dead space management, and, if necessary,

stabilization (31–33). Reconstruction is considered at the first surgery.

A. Acute Hematogenous Osteomyelitis

In children, acute hematogenous osteomyelitis is primarily a medical disease.

Identification of the causative pathogen is essential. The infection is usually

susceptible to specific antimicrobial therapy. Mismanagement with inappropriate

antibiotic(s) encourages disease extension, necrosis, and sequestra formation. The

decision for surgical intervention hinges on the result of aspiration of the infected

bone or joint. Surgical intervention is indicated if the patient has evidence of a

soft tissue or intramedullary abscess, or joint sepsis or if the patient has not

responded to specific antimicrobial therapy within 48 hours. If no abscess is

found on aspiration, a parenteral antimicrobial regimen is begun to cover the

clinically suspected pathogens. A positive culture finding of an aspirate or a

positive blood culture result along with radiographic findings consistent with

osteomyelitis establish the diagnosis. Once the organism is identified, the

antibiotic regimen may be continued or changed on the basis of sensitivity

results (34). If all culture results are negative, a bone biopsy is indicated unless

clinical improvement with empirical therapy has been dramatic. The patient is

treated for 4 to 6 weeks with appropriate parenteral antimicrobial therapy, dated

from the initiation of therapy or after the last major débridement surgery. If the

initial medical management fails and the patient is clinically compromised by a

recurrent infection, medullary and=or soft tissue débridement is necessary in

conjunction with another 4- to 6-week course of antibiotics.

Initial antibiotic therapy should cover the most likely pathogens for the age

of the child. In general, neonates should receive cefotaxime at 100–120mg=kg of
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body weight=24 h or some other appropriate coverage for S. aureus, group B

Streptococcus spp., and gram-negative rods. Infants and children are most likely

to be infected with S. aureus and should receive cefazolin at 100mg=kg=24 h.
Clindamycin is an appropriate substitute for a child who is allergic to penicillin or

cephalosporins. Nafcillin may be used instead of cefazolin if Streptococcus spp.

infection is strongly suspected on a clinical basis. Routine coverage for H.

influenzae is no longer recommended if the child is above 18 months old and is

up to date on immunizations. Sickle-cell disease patients should have coverage

for S. aureus and Salmonella spp. with cefotaxime at 100–120mg=kg=24 h or

with oxacillin and ampicillin or chloramphenicol.

Oral antibiotic therapy can be used for treatment of childhood osteomye-

litis. It should be reserved for cases of short duration with a culture-proven

pathogen and rapid response to initial antibiotic therapy. It is recommended that

the patient initially receive 2 weeks of parenteral antibiotic therapy before

changing to an oral regimen (35,36). In addition, the patient must be compliant

and have close outpatient follow-up. Absorption and activity of the orally

administered antibiotic should be monitored. Pediatric patients should not be

given oral antimicrobial therapy with quinolones (37,38).

B. Subacute and Chronic Osteomyelitis (Brodie’s Abscess)

Brodie’s abscess is the name given to a localized, well-circumscribed bone

abscess that is not associated with systemic illness. The most common site of

involvement is the distal part of the tibia. The lesion is typically single and

located near the metaphysis. Seventy-five percent of the patients are less than 25

years of age. It is usually due to a form of subacute osteomyelitis. Patients who

have subacute cases appear less ill and less toxic than children with AHO. They

frequently seek medical attention later in the course of their disease. Pain is

usually mild, fever is occasionally present, and loss of function is minimal.

Subacute osteomyelitis is associated with prior antibiotic therapy in up to 40% of

cases (39). The ESR is usually elevated. Subacute osteomyelitis, like AHO, is

usually metaphyseal but may occur in the epiphysis as well. Primary epiphyseal

osteomyelitis is almost always subacute. Most cases of subacute osteomyelitis are

caused by S. aureus, though isolation of the organism is possible only 50% of the

time. At surgery, granulation tissue, not pus, is present. Surgical débridement and

culture-directed antibiotics are often curative (40,41). Chronic osteomyelitis may

also cause a Brodie’s abscess that is indicated radiographically, but the patients

are often afebrile and report longstanding dull pain. As in the subacute form,

surgical débridement and parenteral antibiotics may be necessary for sympto-

matic patients.
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C. Septic Arthritis

In neonates, septic arthritis is almost always due to underlying or contiguous

osteomyelitis; however, in older infants and children primary hematogenous

septic arthritis is a frequent occurrence (Fig. 4). Careful consideration should

be given to whether there is contiguous osteomyelitis because the duration of

intravenous antibiotic administration can be shortened for uncomplicated septic

arthritis. The knee and the hip are the most commonly affected joints. The most

likely pathogens are the same as in AHO, as is the diagnostic work-up. Aspiration

is essential for definitive diagnosis and determination of the need for surgical

drainage. If hip sepsis is suspected, ultrasonography of the hip reveals the

presence of an effusion in most cases (Fig. 5). Fluoroscopy aids in the placement

of the needle for aspiration of the hip. Any effusion of the knee should be

detectable clinically and aspiration can be accomplished under local anesthesia

without sedation. Any septic joint in an individual older than 12 years should be

considered to be gonococcal (GC) until proved otherwise. If GC is suspected, the

lab should be immediately alerted and the specimen sent on charcoal or some

other medium favorable to the fastidious gonococcal organism.

Figure 4 (a) This 2-year-old boy had a 3-week history of fever and left hip pain. Note

the dislocation of the left hip due to the presence of pus in the joint.
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Figure 4 (b) Six weeks after open reduction, débridement, and application of abduction

casts, the hip shows evidence of avascular necrosis and chondrolysis. (c) At 2 years post

infection, the hip is moderately stiff but is nonpainful. The head has not yet reconstituted.
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The differential diagnosis of a joint effusion in a child should include the

inflammatory arthritides. Juvenile rheumatoid arthritis, human leukocyte antigen

B27 (HLA-B27) disease, post streptococcal disease, and gout can all cause a

monoarticular effusion that mimics septic joint. Inflammatory disease produces a

joint aspirate with a cell count of 20,000 to 50,000=hpf, negative culture findings,
and minimal systemic toxicity. A prodromal illness such as mononucleosis, sore

throat, or documented streptococcus infection should also raise suspicions of

inflammatory arthritis. Even if a noninfectious cause is strongly suspected, a joint

fluid WBC count of greater than 50,000=hpf indicates immediate surgical

drainage. Definitive diagnosis should be made in retrospect so that drainage of

a possible septic joint is not delayed.

VII. PUNCTURE WOUNDS TO THE FOOT

Puncture wounds of the foot are common in children, and the foot is uniquely

susceptible to penetrating trauma because of its weight bearing status. Multiple

Figure 5 This 23-month-old boy refused to bear weight on his left leg. His erythrocyte

sedimentation rate was 41 and his peripheral white blood cell count was 16,000. (a) Bone

scan showed relative decreased uptake in the left femoral head when compared to that in

the right. This was thought to be consistent with disruption of blood flow due to fluid under

pressure in the hip joint.
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Figure 5 (b) Ultrasound of the left hip, however, yielded a negative finding for the

presence of excess fluid. (c) Five days later, after the patient’s symptoms had not improved,

repeat ultrasound showed bulging of the capsule. Purulent fluid was tapped from the joint.
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bones and joints are vulnerable to injury by foreign objects that often must

traverse the septic environment of the sneaker before entering the foot. Thus, the

bacterial milieu is also unique. Pseudomonas spp. and S. aureus are the two most

common pathogens in these infections. The presentation is variable. If the patient

seeks attention within a few hours after stepping on a foreign object, testing

should be directed toward determining whether a residual foreign body is still

present in the tissues. A radiograph should be obtained and the shoe should be

inspected for missing fragments. A careful history should be taken to determine

whether the offending object was withdrawn intact or whether it could have

broken off in the foot. If a retained foreign body is suspected, formal débridement

in the operating room is necessary. If a foreign body is not suspected, the wound

may be débrided and irrigated under local anesthesia in the clinic or emergency

room. Close follow-up is required. Prophylactic antibiotics should not be given,

as there is a risk of selecting out Pseudomonas spp. if oral antistaphylococcals are

administered.

If a patient seeks medical care several days after a puncture wound for a

swollen, red, painful foot, radiographs should first be taken to search for any

foreign body or bone involvement. Care should be taken to determine whether

any of the joints of the foot is involved. Puncture wounds in the area of the

metatarsal heads have a high likelihood of involving one of the metatarsopha-

langeal (MTP) joints. Pain on passive range of motion of the suspected joint

establishes the need for a formal arthrotomy and débridement. Treatment should

include débridement of the tract, curettement of the bone, irrigation and drainage

of the infected joints or tendons, culture, and open packing of the wound.

Antibiotics should be administered parenterally and should include adequate

coverage for Pseudomonas aeuriginosa and S. aureus (42). The patient’s tetanus

immunization status should be investigated in every case of a puncture wound to

the foot and prophylaxis should be administered if necessary (43).

VIII. SUMMARY

Osteoarticular infections are unique in children in that they are relatively common

compared to those in adults and are usually hematogenous in origin. The unique

characteristics are due to the specialized anatomical characteristics of the

metaphyseal blood supply in the growing child. Because of their proximity to

the physis, infections have the potential to cause long-term damage to the

growing child. However, because of the exceptional healing powers of children,

long-term sequelae are rare when proper diagnosis and treatment are initiated

early. The ability to make the diagnosis rests on the combination of a high level of

suspicion, a careful and complete history and physical examination, and the

willingness to obtain blood and bone or marrow aspirate for culture. An under-
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standing of the appropriate use of antibiotics, especially in terms of duration and

method of administration, is critical.
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I. INTRODUCTION

In order to understand antibiotic activity and toxicity, the antibiotics are grouped

into categories based on their mechanisms of action. These categories include cell

wall–active antibiotics, ribosomal-active antibiotics, ribonucleic acid– (RNA)-

active antibiotics, deoxyribonucleic acid– (DNA)-active antibiotics, antimetabo-

lites, and the reducing compounds.

The initial choice of antibiotics for gram-positive, gram-negative, and

anaerobic organisms is shown in Tables 1, 2, and 3. The initial antibiotic regimen

is modified, if necessary, by culture and sensitivity results.

II. CELL WALL–ACTIVE ANTIBIOTICS

The cell wall–active antibiotics include penicillins, b-lactamase inhibitors,

cephalosporins, other b-lactam antibiotics, and vancomycin.

A. Penicillins

The penicillin class of antibiotics is frequently used for the treatment of

musculoskeletal infections. The penicillins can be divided into general groups
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Table 1 Gram-Positive Organisms: Initial Choice of Antibiotics for Therapy (Adult

Dosages)

Organism Antibiotics of first choice Alternative antibiotics

Methicillin-sensitive

Staphylococcus aureus

Coagulase-negative

Staphylococcus sp.

Methicillin-resistant

Staphylococcus aureus

Coagulase-negative

Staphylococcus sp.

Group A streptococcus

Strep. pyogenes

Group B streptococcus

Strep. agalactiae

Sensitive

Strep. pneumoniae

Intermediate

Strep. pneumoniae

Resistant

Strep. pneumoniae

Sensitive

Enterococcus sp.

Resistant

Enterococcus faecium

Nafcillin 2 g q4h or

clindamycin 900mg q8h

Nafcillin 2 g q6h or

clindamycin 900mg q8h

Vancomycin 1 g q12h or

linezolid 600mg q12h

Vancomycin 1 g q12h or

linezolid 600mg q12h

Penicillin G2� 106 u q4h

or ampicillin 2 g; q6h

Penicillin G2� 106 u q4h

or ampicillin 2 g q6h

Penicillin G2� 106 u q4h

Cefotaxime 1 g q8h

Erythromycin

Vancomycin 1 g q12h or

levofloxacin 500mg=day

Ampicillin 1 g q6hc

vancomycin 1 g q12h

Quinupristin=dalfopristin
7.5mg=kg q8h
Linezolid 600mg q12h

Cefazolin

Vancomycin

Cefazolin

Vancomycin

SMZ-TMPa or

minocycline � rifampin

SMZ-TMPa or

minocycline

� rifampin, clindamycinb

Clindamycin,

cephalosporin

vancomycin

Clindamycin,

cephalosporin

vancomycin

Clindamycin,

erythromycin,

Clindamycin

Quinupristin &

dalfopristin Linezolid

Ampicillin-sulbactam

Linezolid

Chloramphenicol and

rifampin

a Sulfamethoxazole-trimethoprim.
b If sensitive to clindamycin.
c In a serious Enterococcus spp. infection, ampicillin plus an aminoglycoside is used.

496 Mader et al.



Table 2 Gram-Negative Organisms: Initial Choice of Antibiotics for Therapy (Adult

Dosages)

Organism Antibiotics of first choice Alternative antibiotics

Acinetobacter sp.

Enterobacter sp.

Escherichia coli

Haemophilus influenzae

Klebsiella sp.

Proetus mirabilis

Proteus vulgaris

Proteus rettgeri

Morganella morganii

Neisseria gonorrhoeae

Providencia sp.

Pseudomonas aeruginosa

Serratia marcescens

Ceftazidime 1 g q8h þ
levofloxacin 500mg=day
or imipenem 500mg q6h

Cefotaxime 1 g q6h or

imipenem 500mg q6h

Ampicillin-sulbactam

3 g q6h

Cefotaxime 1 g q8h or

ampicillin-sulbactam

3 g q6h

Cefotaxime 1 g q6h or

levofloxacin 500mg=day
Ampicillin 1 g q6h or

levofloxacin 500mg=day
Cefotaxime 2 g q8h or

imipenem 500mg q6h or

levofloxacin 500mg=day
Cefriaxone 125mg, IM

once þ azithromycin 1 g

PO once

Cefotaxime 2 g IV qh or

levofloxacin 500mg=day
Cefepimec 2 g q12h or

piperacillinc 3 g q6h or

imipenem 500mg q6h

Cefotaxime 2 g q6h

Ampicillin-sulbactam

Levofloxacin, mezlocillin,

ticarcillin-clavulanate

Cefazolin, levofloxacin,

gentamicin, SXTa

Levofloxacin, SMZ-TMPa

ampicillin,b azithromycin

Ampicillin-sulbactam

gentamicin

Cefazolin, SMZ-TMPa

Gentamicin

Mezlocillin, gentamicin

ticarcillin-clavulanate

Levofloxacin and

azithromycin

SMZ-TMP,a amikacin,

imipenem

Ticarcillin-clavulanate,

tobramycin, amikacin,

ciprofloxacind

Levofloxacin, gentamicin,

imipenem

a Sulfamethoxazole-trimethroprim.
bNon-b-lactamase-producing strain of H. influenzae.
c In a serious infection should be used with an aminoglycoside: gentamicin or tobramycin

5mg=kg=day q8.
d Increasing resistance to the quinolones including ciprofloxacin.

Antibiotic Activities and Toxicities 497



on the basis of their antibacterial activity. The major penicillin groups of interest

to an orthopedic surgeon are natural penicillins, aminopenicillins, penicillinase-

resistant penicillins, antipseudomonal penicillins (carboxypenicillins), and

extended-spectrum penicillins (ureidopenicillins). Overlap among these groups

exists; the differences are usually pharmacological in nature.

The major side effects of all the penicillins are hypersensitivity reactions

that range in severity from rash to anaphylaxis (1). Immediate hypersensitivity

reactions occur in 0.0004%–0.15% of patients, urticaria occurs in 1%–5% of

these cases, and rash occurs in 2%–9%. Hemolytic anemia and central nervous

toxicities can also occur with penicillin administration. Serum sickness rarely

occurs with penicillins. Additionally, exfoliative dermatitis and erythema multi-

forme are rare forms of allergic reactions to penicillin.

Penicillin G is the major natural penicillin. Although penicillin G has a

half-life of 30 to 60 minutes, it can be combined with procaine or benzathine to

produce a repository penicillin. Penicillin is the drug of choice for the treatment

of Streptococcus pyogenes, Strep. agalactiae, and Clostridium perfringens. In

addition, penicillin has a good anaerobic spectrum of activity except for the B.

fragilis group. Strep. pneumoniae continues to become more resistant to peni-

cillin. Currently, Strep. pneumoniae has an intermediate resistance of 15% and a

high-level resistance of 15% to penicillin.

The major side effects of the natural penicillins are immediate hypersensi-

tivity reactions with anaphylaxis, bronchospasm, and hives and delayed reactions

including skin rashes (2). Other potential side effects are renal failure, Coombs’

test–positive hemolytic anemia, and seizure activity, which usually occurs with

aqueous penicillin doses greater than 20 million units per day.

The parenteral penicillinase-resistant penicillins are methicillin, nafcillin,

and the isoxazolyl penicillins (including oxacillin, cloxacillin, dicloxacillin, and

Table 3 Anaerobic Organisms: Initial Choice of Antibiotics for Therapy (Adult

Dosages)

Organism Antibiotic of first choice Alternative antibiotics

Bacteroides fragilis group Clindamycin 900mg q8h or

metronidazole 500mg q8h

Ampicillin-sulbactam,

ticarcillin-clavulanic acid

Prevotella sp. Clindamycin 900mg q8h or

metronidazole 500mg q8h

Ampicillin-sulbactam,

cefotetan

peptostreptococcus sp. Penicillin G 2� 106 U q4h

or clindamycin 900mg q8h

Clindamycin,

metronidazole

Clostridium sp. Clindamycin 900mg q8h or

penicillin G 2� 106 U q4h

Ampicillin-sulbactam,

metronidazole
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flucloxacillin). The most active parenteral semisynthetic penicillins are nafcillin

and oxacillin. These drugs are resistant to staphylococcal b-lactamase and are

used when methicillin-sensitive S. aureus is present or suspected. The semi-

synthetic penicillins are also active against Strep. pyogenes and Strep. pneumo-

niae. However, they have no activity against Enterococcus sp. or gram-negative

bacilli.

Methicillin is associated with the greatest potential for producing intersitial

nephritis (3). Nafcillin and oxacillin may cause interstitial nephritis, leukopenia,

and reversible hepatic dysfunction (4,5). Cloxacillin and dicloxacillin are the oral

semisynthetic penicillins of choice in the United States and have fewer side

effects than the parenteral semisynthetic penicillins.

The major aminopenicillins include ampicillin and amoxicillin. Ampicillin

may be given parenterally or orally, whereas amoxicillin is only an oral agent. The

antibacterial activity of the aminopenicillins is similar. They are the antibiotics of

choice for the treatment of the Enterococcus spp. (E. faecalis, E. faecium) (6).

The aminopenicillins are also active against many highly susceptible gram-

negative rods, such as Escherichia coli and Proteus mirabilis. They are not

stable to b-lactamase and are less active than penicillin G against Strep. pyogenes

and Strep. agalactiae. The aminopenicillins may cause skin rashes; an idiosyn-

cratic rubella-form rash occurs in 99% of the patients who have mononucleosis

and are given the aminopenicillins.

Ticarcillin (carboxypenicillin) is an antipseudomonal penicillin. Ticarcillin

has a b-lactam ring and is susceptible to b-lactamase of both gram-positive and

gram-negative organisms. Ticarcillin has a gram-negative spectrum of activity

similar to that of ampicillin but is more active than ampicillin against Pseudo-

monas sp., Enterobacter sp., Serratia sp., and certain strains of the B. fragilis

group. Ticarcillin has poor activity against Klebsiella sp. (7). The side effects of

this class of penicillins include sodium loading and bleeding problems secondary

to platelet dysfunction (8).

The extended-spectrum penicillins (ureidopenicillins) include mezlocillin

and piperacillin. These penicillins have an antibacterial spectrum similar to that of

ticarcillin. In vitro, these antibiotics are active against Enterococcus sp., and

Streptococcus sp. and inhibit the majority of Klebsiella spp. They are also more

active than ticarcillin against Haemophilus influenzae and the B. fragilis group

(9,10). These drugs act in synergy with the aminoglycosides against Pseudomonas

aeruginosa and most of the Enterobacteriaceae. They have the same side effects as

ticarcillin, except that they cause less sodium loading and bleeding dysfunction.

Penicillins as a group have a number of drug interactions. However, generally,

these interactions are uncommon. The carboxypenicillins and ureidopenicillins

inactivate the aminoglycosides (11,12). This drug interaction is seen in those

patients who have underlying renal dysfunction (13,14). Probenecid inhibits tubular

secretion of the penicillins and increases the drug half-life of these agents (15).
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B. b-Lactamase Inhibitors

Clavulanic acid, sulbactam, and tazobactam are potent inhibitors of b-lactamase

produced by gram-positive and gram-negative organisms (16). b-Lactamase of

gram-positive species is an exoenzyme. Clavulanic acid, sulbactam, and tazo-

bactam have been shown to inhibit b-lactamase for a number of clinically

important gram-positive organisms including S. aureus and S. epidermidis (17).

b-Lactamase of both gram-negative and most anaerobic organisms is situated in

the periplasmic space and is chromosome- and plasmid-encoded (18). Clavulanic

acid, sulbactam, and tazobactam inhibit b-lactamase of many gram-negative

organisms, including most E. coli, Klebsiella sp., and Bacteroides sp. Currently,

clavulanic acid is commercially available with amoxicillin (Augmentin) and

ticarcillin (Timentin). Sulbactam is available with ampicillin (Unasyn). Tazobac-

tam is combined with piperacillin (Zosyn). The b-lactam inhibitors enhance the

gram-positive coverage and, to a lesser extent, the gram-negative spectrum of

these antibiotics. The side effects are the same as those of the penicillin class of

antibiotics.

C. Cephalosporins

The cephalosporins have been divided into first-, second-, third-, and fourth-

generation agents. The first-generation cephalosporins, which include cepha-

lothin, cephapirin, sodium, cephradine, and cefazolin, are active against S.

aureus, S. epidermidis, and Streptococcus spp. They have limited gram-negative

activity but are active against E. coli, Klebsiella sp., and P. mirabilis. The first-

generation cephalosporins are safe antibiotics but are occasionally associated with

the production of allergic reactions, drug eruptions, phlebitis, and diarrhea.

Cefazolin is the first-generation cephalosporin used by the orthopedic community

for the treatment of staphylococcal infections including osteomyelitis. The large

amounts of b-lactamase produced by S. aureus (109 organisms=tissue) will

inactivate cefazolin (19). However, high numbers of S. aureus are not the norm

in staphylococcal osteomyelitis: 105 or fewer organisms per gram of bone are

usually found. Cefazolin has a longer half-life and higher serum concentration

than the other first generation cephalosporins (20). The remainder of the first-

generation cephalosporins are comparable. They are all more stable to b-
lactamase than cefazolin.

There are many second-generation cephalosporins, the major parenteral

ones include cefamandole, cefoxitin, cefotetan, and cefuroxime. The major oral

ones include cefuroxime, cefprozil, and loracarbef. The second-generation

cephalosporins have somewhat greater activity against gram-negative organisms

as compared to the first generation but are less active than the third-generation

agents. Cefoxitin and cefotetan are more active than the other first- or second-
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generation cephalosporins against the anaerobes, especially the B. fragilis group

(21). The second-generation cephalosporins have the same toxicity potential as

the first-generation cephalosporins with the exception of those that have a

methylthiotetrazole (MTT) side chain.

The major third-generation cephalosporins include cefotaxime, ceftriaxone,

ceftizoxime, cefoperazone, and ceftazidime. The third-generation cephalosporins

are generally less active than the first-generation cephalosporins against gram-

positive organisms but are more active against the Enterobacteriaceae (22).

Cefotaxime, ceftriaxone, and ceftizoxime are third-generation cephalosporins

with similar antibacterial activity. They are highly resistant to b-lactamase and

have activity against gram-positive organisms with the exception of the Entero-

coccus spp. They have good activity against most gram-negative organisms

except Peudomonas aeruginosa. Cefotaxime, ceftizoxime, and ceftriaxone have

half-lives of 1.1, 1.7, and 8 hours, respectively.

Ceftazidime is similar in activity to cefotaxime, ceftizoxime, and ceftriax-

one against the Enterobacteriaceae, but it has superior activity against Pseudo-

monas aeruginosa (23). For serious Pseudomonas aeruginosa infections it should

be combined with an aminoglycoside (24). Ceftazidime is half as active against

gram-positive organisms as are cefotaxime, ceftizoxime, and ceftriaxone.

The fourth-generation cephalosporins are represented by cefepime. Cefe-

pime has excellent activity against aerobic gram-positive organisms including

methicillin-sensitive S. aureus and gram-negative organisms including Pseudo-

monas aeruginosa. In vitro data suggest increased activity of cefepime against

multiresistant Enterobacter spp. Like other cephalosporins, cefepime has no

activity against Enterococcus spp.

In general, the cephalosporins have a low incidence of adverse reactions.

There is a cross-reactivity of 3% to 7% in those patients who are allergic to

penicillin. This may be a true cross-reactivity (allergy) or those patients may be

more allergenic. The allergic reactions to the cephalosporins include a type one

immediate hypersensitivity reaction that includes bronchospasm, hives, and skin

rashes that occur 3 to 5 days after the initiation of therapy. Fever, lymphadeno-

pathy, eosinophilia, and serum sickness reactions may also occur. The cephalo-

sporins cause a Coombs’ test–positive anemia in approximately 3% of patients.

Neutropenia occurs in approximately 1% of patients, usually after 3 weeks of the

therapy. Liver function abnormalities, with liver enzyme level elevation, occur in

1% to 7% of patients. Antibiotic-associated colitis is associated with cephalo-

sporin administration as well.

Some second- and third-generation cephalosporins have the MTT side

chain. These include cefotetan and cefamandole (second generation) and

moxalactam disodium and cefoperazone (third generation). Antibiotics with

the MTT side chain can cause a disulfiram-like reaction when a patient drinks

alcohol (25–29) and are also associated with hypoprothrombinemia (30–34).
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The cephalosporins have very few reported drug-drug and drug-food inter-

actions.

D. Other b-Lactam Antibiotics

Aztreonam is a monocyclic b-lactam antibiotic, which is active against most

Enterobacteriaceae, Pseudomonas aeruginosa (35–37), all Neisseria meningitidis,

N. gonorrhoeae (36), b-lactamase, and non-b-lactamase-producing strains of H.

influenzae (37). Aztreonam has no appreciable antibacterial activity against

aerobic gram-positive or anaerobic bacteria.

Aztreonam may be administered intramuscularly or intravenously; absorp-

tion after oral administration is poor. The serum half-life in patients with normal

renal function is 1.5 to 2.1 hours (38). The serum half-life in anephric patients is 6

to 8 hours (39).

Aztreonam has been effective in the treatment of gram negative osteomye-

litis (40,41). It has also been successful in treating mixed soft tissue infections in

combination with clindamycin.

No major adverse reactions have been reported with this antibiotic (42,43).

Minor reactions with aztreonam include nausea, vomiting, and diarrhea. On

occasion the drug may cause elevated liver transaminase levels. Aztreonam has a

low probability of cross-reactivity (allergy) in penicillin- or cephalosporin-

allergic patients.

Imipenem is an antimicrobial agent belonging to the b-lactam class of

antibiotics. Biochemically, it is a carbapenem. Imipenem has excellent in vitro

activity against aerobic gram positive organisms including S. aureus, S. epider-

midis, and Streptococcus spp. Imipenem has excellent gram-negative activity

against the Enterobacteriaceae and Pseudomonas aeruginosa, among others.

Imipenem also inhibits most anaerobic species including the B. fragilis group

(44). The broad antimicrobial spectrum of imipenem is attributable to its low rate

of hydrolysis by b-lactamases.

The serum half-life is approximately 1-hour. When impinem is adminis-

tered every 6 hours to patients with normal renal function, serum levels do not

accumulate (45).

Imipenem has been shown to be effective in the treatment of mixed soft

tissue infections, diabetic foot infections, and osteomyelitis (46,47). Nausea,

vomiting, and diarrhea may occur with imipenem therapy. Penicillin cross-

reactivity occurs with imipenem. Grand mal seizures occur in 1% to 4% of the

patients receiving this antibiotic. The incidence of seizures is increased among

patients who have renal dysfunction (48,49) and=or a history of seizure activity.

Finally, resistance of Pseudomonas aeruginosa and fungal superinfection may

develop during therapy.
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E. Meropenem

Meropenem is a carbapenem that is a derivative of thienamycin. In general,

meropenem is slightly more active than imipenem in vitro against aerobic, gram-

negative bacilli and slightly less active against aerobic gram-positive cocci (50).

There are no significant differences between anaerobes except that meropenem is

less active against C. difficile (50,51).

The pharmacokinetic properties of meropenem are similar to those of

imipenem. In clinical tnals, there are similar outcomes in skin structure infections

(52). The side effects of meropenem are less than those of imipenem. Meropenem

produces fewer seizures, less nausea and vomiting, and less severe inflammation

at the intravenous administration site.

F. Vancomycin

Vancomycin exerts its main bactericidal effect by inhibiting the biosynthesis of

the major structural polymer of the bacterial cell wall, peptidoglycan (53).

Vancomycin has excellent activity against S. aureus, S. epidermidis, and

Enterococcus spp. It is the antibiotic of choice for individuals who are unable to

tolerate either the penicillins or the cephalosporins (54). Vancomycin is also the

antibiotic of choice for the treatment of methicillin-resistant S. aureus (55),

coagulase-negative Staphylococcus spp. (56), and cellulitis and osteomyelitis

(57–59).

Vancomycin is given only by the intravenous route for systemic infections.

Fifty to sixty percent of this drug is bound to serum albumin. The drug has a

plasma half-life of about 6 to 10 hours in neonates, 4 hours in older infants, 2 to 3

hours in children, and 4 to 8 hours in normal adults. The usual intravenous dose

of vancomycin is 500mg every six hours or 1 g every 12 hours in adults with

good renal function. The bone-to-serum ratio of vancomycin concentration of

10% increases to 20%–30% in infected bone (60).

The postantibioitic effect relates to the ability of an antimicrobial agent to

suppress bacterial regrowth for a period after limited exposure to the drug.

Studies with vancomycin suggest that the duration of the in vitro postantibiotic

effect is about 1.5 to 3 hours against S. aureus (61,62), but the actual in vivo

postantibiotic effect may be longer.

Hemodialysis removes small amounts of vancomycin, with a mean elim-

ination half-life of 7.5 days. Recommended dosage for hemodialysis patients is an

initial 1-g load followed by 500mg every 8 days (63). Peritoneal dialysis may

reduce serum concentrations by 35–40% (64). Vancomycin should be adminis-

tered over 30–60 minutes to prevent toxicity.

Reports in 1978 of vancomycin-resistant Enterococcus spp. (56) dictate

increased vigilance and caution (57,58).
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When vancomycin is used as monotherapy, end-organ toxicity is minimal.

The ‘‘red-man syndrome’’ (65,66) may be observed with vancomycin therapy.

This syndrome includes flushing of the head, neck, and upper torso and is often

associated with hypotension. It occurs in 5% to 13% of patients, especially

when the infusion is given for less than 1 hour. Allergic reactions rarely occur

with vancomycin therapy. Vancomycin may be associated with nephrotoxicity

(67–70) or ototoxicity, especially when given concurrently with the aminoglyco-

side. Vancomycin may also cause neutropenia (71,72) and thrombocytopenia

(73,74).

III. RIBOSOMAL–ACTIVE ANTIBIOTICS

The ribosomal-active antibiotics include clindamycin; macrolides, including

quinupristin=dalfopristin; tetracyclines; oxazolidinones; and aminoglycosides.

A. Clindamycin

Ciindamycin is one of the most active antibiotics against clinically significant

anaerobic bacteria, particularly the B. fragilis group. However, clindamycin is

ineffective against 10% to 20% of clostridial species other than C. perfringens

(75). In addition to its anaerobic activity, clindamycin is effective against S.

aureus, coagulase-negative Staphylococcus spp., and the Streptococcus spp.

Clindamycin is absorbed rapidly and almost completely after oral admin-

istration. It has a half-life of 2.4 hours and is ideally given every 8 hours (76).

Clindamycin demonstrates good penetration into most tissues including bone (77)

and penetrates well into abscesses (78). Clindamycin accumulates in polymorpho-

nuclear leukocytes, alveolar macrophages, and abscesses (78). Bone, joint

capsule, and synovial fluid concentrations of clindamycin were approximately

40%–45% of serum concentrations in one study (79), and its activity appears to

be the same regardless of bone type (cortical or cancellous).

Clindamycin is relatively nontoxic but may cause diarrhea and pseudo-

membranous colitis in approximately 8% of patients (80). Of those patients in

whom antibiotic-associated diarrhea develops, 10% experience pseudomembra-

nous colitis secondary to toxin produced by the overgrowth of Clostridium

difficile. Hypersensitivity reactions, including rashes, urticaria, and erythema

multiforme, may occur with clindamycin administration. Clindamycin drug

interactions are rare, but clindamycin may potentiate action of the neuromuscular

blocking agents (81–83).

504 Mader et al.



B. Macrolides

Erythromycin is the prototype of the macrolide class of antibiotics (84). These

agents work at the ribosomal level and are bacteriostatic. Erythromycin has in

vitro activity against Streptococcus spp., Listeria monocytogenes, Moraxella

catarrhalis,Mycobacteriumpneumoniae,Legionella pneumophila, andChlamydia

pneumoniae. The new macrolides (clarithromycin and azithromycin) can inhibitM

pneumoniae, Legionella spp., andChlamydia pneumoniae at lower concentrations.

They are also more active against H. influenzae,Mycobacterium avium-intracellu-

lare (MAI), and other atypical mycobacteria. The newmacrolides are active against

the agent of Lyme disease, Borrelia burgdorferi. Because of its high intracellular

concentration, azithromycin is more active againstC. trachomatis and Toxoplasmo-

sis gondii, and clarithromycin is very active against Helicobacter pylori. The

macrolides are indicated for the treatment of upper and lower respiratory tract

infections and skin structure infections. The newmacrolides are agents of choice for

Mycobacterium avium-intracellulare infections.

The peak serum concentration of azithromycin after a 500-mg dose is

approximately 0.4 mg=mL, fivefold lower than that of a comparable dose of

clarithromycin. However, tissue concentrations are significantly higher. The

terminal half-life of azithromycin exceeds 40 hours, allowing once-daily

dosage, whereas clarithromycins’s half-life of 4 to 5 hours requires twice-daily

dosage (85).

The macrolides are generally considered to be very safe drugs. The

macrolide antibiotics have the propensity to cause gastrointestinal reactions

including nausea, vomiting, and abdominal cramps in approximately 20% of

patients. These problems are less frequent with newer erythromycins such as

azithromycin and clarithromycin. The macrolides have a number of drug inter-

actions. They stimulate bepatic microsomal activity with cytochrome P-450

complexes. This stimulation causes increased levels of theophylline, warfarin,

cyclosporin, carbamazepine, and cisapride. Azithromycin has the least drug

interaction potential of the macrolides.

C. Quinupristin=Dalfopristin

Quinupristin=dalfopristin (Synercid) is a fixed combination of two streptogramins

in a ratio of 30 : 70. This antibiotic produces in vitro inhibitory and bactericidal

activity against most gram-positive organisms, including vancomycin-resistant

Enterococcus faecium (86).

Quinupristin= dalfopristin acts at different sites on the ribosome and

inhibits protein synthesis. The recommended dosage is 7.5mg=kg every eight

hours intravenously. No adjustments are necessary for patients with renal or
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hepatic impairment (87). This drug combination has a postantibiotic effect of 6 to

8 hours.

In two prospective studies with 396 patients with E. faecium infections that

included bacteremia, intra-abdominal and urinary tract infections, catheter-related

bacteremia, and skin infections, quinupristin & dalfopristin had a clinical success

rate of 73.6%, a bacteriological rate of 70.5%, and a favorable safety profile (88).

Quinupristin=dalfopristin also has a role in the treatment of methicillin-

resistant S. aureus and coagulase-negative Staphylococcus spp. infections in

patients who cannot tolerate vancomycin therapy. Adverse reactions to quinu-

pristin & dalfopristin appear to be mild; they include self-limited, but local,

reactions such as itching, pain, and burning, as well as vomiting and diarrhea

(84,87). The major side effect is phlebitis, especially in the smaller veins. The

antibiotic should be given into a central line. The drug causes severe myalgia (89)

in approximately 15% to 20% of the patients receiving this antibiotic.

D. Tetracyclines

The tetracyclines are divided into three groups: the short-acting compounds

(chlortetracycline, oxytetracycline, tetracycline), an intermediate group (deme-

clocycline), and the more recently developed longer-acting group (doxycycline

and minocycline). The tetracyclines are primarily bacteriostatic. They are useful

drugs for the treatment of relatively uncommon diseases including brucellosis and

granuloma inguinale. Tetracyclines are also active against mycoplasma, rickettsia,

and Lyme disease (Borrelia burgdorferi). The tetracyclines are also useful in the

treatment of chlamydial diseases including lymphogranuloma venereum, psitta-

cosis, and trachoma. Minocycline is the most active drug of the tetracycline class

against Staphylococcus aureus. Minocycline is often used in combination with

rifampin for the oral treatment of methicillin-resistant S. aureus and coagulase-

negative Staphylococcus spp.

The tetracyclines have excellent tissue distribution, probably because of

their high lipid solubility. Minocycline is the most lipid-soluble tetracycline. The

high lipid solubility and diffusion make it useful for the treatment of metaboli-

cally inactive organisms. Tetracyclines accumulate in bone.

Most tetracyclines should be avoided by patients with renal insufficiency,

because substantial increases in serum levels as a result of diminished renal

filtration may lead to hepatotoxicity. Because of the long elimination half lives of

doxycycline and minocycline, once- or twice-daily dosage is possible.

The tetracyclines have significant side effects including anorexia, nausea,

vomiting, and diarrhea. Tetracyclines also cause hepatotoxicity, especially in

pregnant females. The tetracyclines should not be given to children less than 12

years of age. Tetracycline administration in this age group causes gray-brown-

yellowish discoloration of teeth and may impair bone growth. Tetracyclines are
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catabolic and aggravate preexisting renal failure. Tetracyclines have a propensity

to cause major photosensitivity reactions. Other side effects include esophageal

ulcers and hypersensitivity reactions. Minocycline causes vestibular toxicity in

some patients.

Tetracycline antibiotics have a number of drug interactions. Divalent metals

including calcium, magnesium, and aluminum (antiacids) (90–92), when given

concurrently, lead to decreased absorption of the tetracycline. A number of drugs

produce an increase of the hepatic metabolism of the tetracyclines, which causes

a decreased half-life of this class of antibiotics.

E. Oxazolidinones

The oxazolidinones (linezolid and eperezolid) (93,94) are a new synthetic class of

antimicrobials. These agents have bacteriostatic activity against a number of

important organisms including methicillin-resistant S. aureus, penicillin-resistant

Streptococcus pneumoniae, and vancomycin-resistant Enterococcus spp. (95).

Linezolid works by inhibiting the initiating complex at 30S ribosome early

in protein synthesis (93). It has efficacy when administered either parenterally or

orally, of a dosage of 400mg every 12 hours. The drug is eliminated by the

kidney and has a 1-hour postantibiotic effect. Linezolid is currently being used in

clinical trials for gram-positive pneumonia, bacteremia, and skin structure

infections.

Side effects include nausea, vomiting, diarrhea, skin rash, and an increase

in liver and renal function test results.

F. Aminoglycosides

The aminoglycosides include gentamicin, tobramycin, amikacin, and netilmicin.

The aminoglycosides are the standard by which other antibiotics are measured for

the treatment of aerobic gram-negative infections. The aminoglycosides generally

have poor activity against gram-positive organisms. Initially, they may be used for

the treatment of S. aureus, but resistance may develop rapidly (96,97). They have

no effect against the Streptococcus spp. or anaerobes. The aminoglycosides have

excellent activity against the Enterobacteriaceae and Pseudomonas aeruginosa.

The aminoglycosides may be inactivated by enzymatic modification. Amikacin has

fewer available sites than the other aminoglycosides for enzymatic inactivation.

Consequently, the percentage of strains susceptible to amikacin is greater than for

tobramycin. gentamicin, or netilmicin (98). There is no evidence to support

amikacin’s having greater or lesser activity than the other aminoglycosides.

Aminoglycosides cannot be administered orally because of poor oral

absorption; therefore, parenteral administration is necessary to achieve adequate

serum concentrations. Aminoglycosides have a volume of distribution that
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approximates the extracellular space (99,100). An alteration in the extracellular

fluid compartment (such as in the presence of congestive heart failure, dehydra-

tion, or ascites) results in a change in the volume of distribution that may require

dosage modification. In adults with normal renal function, each aminoglycoside

has approximately a 2-hour serum half-life. The half-life increases in patients

with deteriorating renal function and may exceed 24 hours in patients with end-

stage renal failure (101). Aminoglycosides are effectively removed by hemodia-

lysis (102), and less by peritoneal dialysis (103). Low concentrations of

aminoglycosides that are found in purulent fluids (characterized by low pH and

oxygen tension) are probably due to local inactivation by deoxyribonucleic acid

(DNA) released by leukocytes (104). Aminoglycosides usually achieve reason-

able concentrations in bone and synovial fluid.

Currently, once-daily dosage of aminoglycosides is the norm, especially to

people above 65 years of age. There are three meta-analyses of clinical trials

comparing the efficacy of single daily dosages of the aminoglyeosides, which

show no differences in clinical outcomes. There was decreased toxicity with

single daily dosage. There are also multiple other studies and reviews on this

subject (105–109). With a single daily dosage, trough levels should be obtained

18 hours after the second dose. Single daily dosage reduces the cost of therapy

and allows for easier outpatient therapy (105–109).

The toxicity of the aminoglycosides includes nephrotoxicity and ototoxi-

city. Ototoxicity reactions include hearing loss, tinnitus, ear fullness, and

vestibular problems including nausea, vomiting, vertigo, nystagmus, and diffi-

culty with gait. Other aminoglycoside toxicities include neuromuscular blockade

and hypersensitivity reactions.

The aminoglycosides have some drug interactions. There is an increase in

nephrotoxicity and ototoxicity when cyclosporin, vancomycin, amphotericin B,

ethacrynic acid, neuromuscular blocking agents, nonsteroidal, and radiographic

contrast agents are given concurrently with the aminoglycosides.

IV. RIBONUCLEIC ACID–ACTIVE ANTIBIOTICS

The RNA-active antibiotic is rifampin.

A. Rifampin

Rifampin exhibits bactericidal activity against a wide variety of gram-positive and

gram-negative organisms. Rifampin is the most active antistaphylococcal agent

known (110). However, rifampin has less activity than the aminoglycosides

against most gram-negative bacteria. When rifampin is used alone for the

treatment of bacterial infections, a rifampin-resistant subpopulation rapidly
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develops (111). Expression of rifampin resistance can be lessened by the addition

of a second effective antibiotic. Rifampin in combination with a semisynthetic

penicillin has been used to treat methicillin-sensitive Staphylococcus spp.

osteomyelitis. Trimethoprim-sulfamethoxazole and minocycline plus rifampin

have been used to treat methicillin-resistant Staphylococcus spp. osteomyelitis.

Peritoneal dialysis and hemodialysis do not appreciably eliminate rifampin.

Rifampin is highly lipid-soluble and widely distributed into most body tissues

and fluids, including synovial fluid and bone (112).

Rifampin has been used in combination with cloxacillin, vancomycin,

minocycline, and trimethoprim-sulfamethoxazole to prevent the emergence of

resistance. Rifampin and cloxacillin have been effective in interrupting the course

of recurrent staphylococcal furunculosis (113).

Side effects of rifampin include orange-red discoloration of body fluids,

gastrointestinal symptoms, hepatitis, and possibly mild immunosuppression.

There are a number of rifampin drug interactions (114–116). The coadministra-

tion of rifampin with isonicotinic acid hydrazide (INH) leads to a higher rate of

hepatotoxicity (117). Coadministration of rifampin with ketoconazole (118) can

result in a failure of either drug. Food interferes with the absorption of rifampin,

and this antibiotic must be taken on an empty stomach. Rifampin induces hepatic

microsomal enzymes and can decrease the level of certain drugs (Table 4).

Patients using these medications must be carefully monitored and have their drug

dosages adjusted when indicated.

V. DEOXYRIBONUCLEIC ACID–ACTIVE ANTIBIOTICS

The DNA-active antibiotics are the fluoroquinolones.

Table 4 Rifampin Drug Interactions

Rifampin induces hepatic microsomal enzymes and can decrease

the effect of the following drugs:

Acetaminophen Oral anticoagulants Barbiturates

Benzodiazepines Beta-blockers Chloramphenicol

Clofibrate Oral contraceptives Corticosteroids

Cyclosporin Digitoxin Disopyramide

Digoxin Enalapril Estrogens

Hydrantoins Methadone Mexiletine

Quinidine Sulfones Solfonylureas

Theophyllines Tocainide Verapamil
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A. Fluoroquinolones

The quinolones are divided into four generations. The first-generation quinolone

nalidixic acid is used to treat urinary tract infections. The second-, third-, and

fourth-generation quinolones may be used to treat musculoskeletal infections

including osteomyelitis (119).

The second-generation quinolones include ciprofloxacin and ofloxacin.

Ciprofloxacin and ofloxacin provide adequate serum, tissue, and urine concen-

trations. Ciprofloxacin and ofloxacin have efficacy against most gram-negative

organisms. Most streptococcal strains and anaerobic organisms are resistant to

ciprofloxacin and ofloxacin. Reports of resistance in some S. aureus and S.

epidermidis strains dictate caution. Ciprofloxacin is advantageous in the treatment

of gram-negative bone infections, which previously required prolonged parenteral

antibiotic therapy (119).

The third-generation quinolones include levofloxacin and gatifloxacin.

Levofloxacin and gatifloxacin provide higher serum levels than either ciproflox-

acin or ofloxacin. These agents have excellent activity against Streptococcus spp.,

including penicillin-intermediate and -resistant Strep. pneumoniae. These agents

are also active against atypical respiratory pathogens (M pneumoniae, Legionella

spp., and Chlamydia pneumoniae). These agents have efficacy against most

gram-negative organisms as well.

The fourth-generation quinolones (trovafloxacin) have similar aerobic

gram-positive and gram-negative coverage to the third-generation quinolones.

Unlike the third-generation quinolones, fourth-generation quinolones have excel-

lent anaerobic organism coverage (120,121). In a small number of patients,

trovafloxacin was associated with serious liver injury leading to liver transplanta-

tion and=or death. This problem was reported with both short- and long-term

therapy; treatment over 2 weeks was associated with an increased risk of liver

injury. Currently, trovafloxacin may only be used for serious life- or limb-

threatening infections in a hospital or nursing care facility.

None of the quinolones have reliable Enterococcus spp. coverage (122).

The current quinolones have variable S. aureus and S. epidermidis coverage, and

resistance to the second- and third-generation quinolones is increasing (123).

Although second-, third-, and fourth-generation quinolones are formulated

for parenteral administration, the oral mode of these quinolones produces

excellent serum concentrations, oral administration results in decreased length

of hospitalization and reduced treatment costs. In most cases, the patient is begun

on the parenteral quinolone and switched to oral quinolone therapy unless there is

a contraindication to oral antibiotic therapy. The switch to oral therapy usually

occurs at 1 to 2 days into therapy.

The fluoroquinolones have a prolonged postantibiotic effect against most

gram-negative organisms, similar to that of the aminoglycosides. Hemodialysis
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and peritoneal dialysis results in less than 14% elimination for all the available

quinolones. Serum levels may be 1.5 to 3 times higher in elderly patients because

of increased absorption and decreased renal clearance (124). Adjustments of the

dosage with altered renal function depend on the quinolone drug.

Patients who have not completed puberty should not be given antimicrobial

therapy with the quinolone class of antibiotics because altered bone growth has

been found in young beagle dogs (178).

Overall, the toxicity of the quinolones is low (125). General reactions to the

quinolones include gastrointestinal disturbances consisting of nausea, vomiting,

and dyspepsia in 2% to 5% of patients. Central nervous system reactions

including headache, dizziness, tiredness, and insomnia occur in 1% to 2% of

patients. The quinolones may cause hypersensitivity reactions including skin

rashes. Moderate to severe phototoxicity may be caused by some of the

quinolones, especially lomefloxacin and sparfloxacin. The quinolones may

cause tendinitis and Achilles tendon rupture. Rarely, this class of antibiotic

may also cause acute interstitial nephritis. All quinolones cause mild toxicity, and

individual quinolones have the propensity for certain side effects; for example,

sparfloxacin causes prolongation of the QT interval (Table 5). The quinolones

also have multiple drug-drug interactions (126). Antacids including sucralfate,

iron, zinc, and calcium decrease the absorption and the efficacy of most

quinolones. Certain quinolones have specific drug-drug interactions (Table 6).

Several anecdotal cases have implied clinically significant interactions

between warfarin and quinolones. Any patient who is receiving a quinolone

alone with warfarin anticoagulation should have prothrombin time closely

monitored.

VI. ANTIMETABOLITES

The antimetabolites include the sulfonamides and trimethoprim-sulfamethoxa-

zole.

Table 5 Toxicity by Specific Quinolone

Phototoxicity Enoxacin, lomefloxacin, sparfloxacin

Central nervous system, insomnia Ofloxacin

Seizures Lomefloxacin

Prolonged QT interval Sparfloxacin

Increased bilirubin level Trovafloxacin

Dizziness Trovafloxacin

Persistent hypoglycemia with glyburide Ciprofloxacin
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A. Trimethoprim-Sulfamethoxazole

Trimethoprim-sulfamethoxazole is an antimetabolite composed of a fixed combi-

nation of a trimethoprim and sulfonamide. In vitro, these agents are more active

together than either agent is alone (127). Aerobic gram-negative bacteria

including E. coli, P. mirabilis, H. influenzae, and Stenotrophomonas maltophilia

are consistently susceptible. In addition, Klebsiella pneumoniae, Enterobacter

spp., Serratia marcescens, indole-positive Proteus spp., and non–Pseudomonas

aeruginosa Pseudomonas spp. are frequently susceptible. The principal targets of

trimethoprim-sulfamethoxazole are aerobic gram-negative organisms, but some

gram-positive bacteria such as S. aureus, Strep. pneumoniae, and Strep. pyogenes

are often susceptible (128). In some hospitals, the combination of trimethoprim-

sulfamethoxazole and rifampin may be effective for the oral treatment of

methicillin-resistant S. aureus and S. epidermidis (129). Trimethoprimsulfa-

methoxazole may be given either parenterally or orally. The combination is

useful as suppressive therapy for osteomyelitis.

All the sulfonamides, including trimethoprim-sulfamethoxazole, have

multiple side effects including gastrointestinal disturbances. Other side effects

include blood dyscrasias such as acute hemolytic anemias, glucose-6-phosphate

dehydrogenase (G6PD) deficiency problems, agranulocytosis, aplastic anemia,

and thrombocytopenia. Hypersensitivity reactions include erythema multiforme,

urticaria, and erythema nodosum. The sulfonamides may cause a focal or diffuse

hepatitis and neurological symptoms consisting of headache, confusion, and

peripheral neuropathy. A serum sickness–like syndrome can occur with the

sulfonamides, and in 3% of patients on sulfonamides a drug fever develops.

The sulfonamides have also been reported to cause nephrotoxicity and pruritus

Table 6 Quinolone Drug Interactions

Drug Quinolone Effect

Antacids (sucralfate,

iron, zinc and calcium)

All Decreased absorption and

efficacy

Theophylline Enoxacine, ciprofloxacin Theophylline toxicity

Caffeine Enoxacin Nervousness, insomnia

Warfarin Enoxacin, Increased PT time

ciprofloxacin

ofloxacin

Cyclosporin Ciprofloxacin Transient increase in levels

of cyclosporine

Phenytoin Ciprofloxacin Increased or decreased

phenytoin levels
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without a rash. Trimethoprim-sulfamethoxazole should not be administered

during the last month of pregnancy.

The sulfonamides have a number of drug interactions, which include

increased anticoagulation effects of warfarin (130,131) and increased levels of

phenytoin (132). They also potentiate hypoglycemic effects of the sulfonylurea

compounds (133–136). Finally, the sulfonamides potentiate bone marrow

suppression by methotrexate (137).

VII. REDUCING COMPOUNDS

The reducing compounds include metronidazole.

A. Metronidazole

Metronidazole is a useful and inexpensive antibiotic for the treatment of

anaerobic organisms. This antibiotic is a reducing compound that leads to the

formation of toxic oxygen radicals. Toxic oxygen radicals are lethal to strict

anaerobic organisms, which lack the protective enzymes superoxide dismutase

and catalase. Metronidazole is active against all anaerobic organisms except

actinomycetes and microaerophilic streptococci (138). The drug is well absorbed

and penetrates into tissues and abscesses.

Metronidazole is rapidly and almost completely absorbed orally (139,140).

Serum levels are similar after equivalent intravenous and oral doses (141).

Metronidazole penetrates all tissues and body fluids (142). The half-life in

adults with normal renal and hepatic function is approximately 8 hours (140,143).

The excellent penetration of metronidazole into all tissues combined with

its bactericidal activity make it effective for the treatment of serious anaerobic

infections, including bone and joint infections and skin and soft tissue infections

(140).

Side effects, which are rare, include metallic taste, seizures, cerebellar

dysfunction, disulfiram. reaction with alcohol, and pseudomembranous colitis.

Metronidazole may also have gastrointestinal side effects including anorexia,

nausea, vomiting, diarrhea, abdominal pain, and pancreatitis.

VIII. SENSITIVITY TESTING

Once the organism(s) is isolated, the specific antibacterial activity of a variety of

antibiotics can be determined by appropriate sensitivity techniques. The disk

diffusion method is a commonly used method for susceptibility testing for

fastidious and slow-growing organisms.
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The diameter of a zone of inhibition around an antimicrobial impregnated

paper disk relates approximately linearly to the antibiotic’s log2 mean inhibitory

concentration. Inhibition diameters are interpreted as signifying susceptibility,

intermediate susceptibility, or resistance to each antimicrobial agent tested

according to published criteria (144). Quantitative data are provided by methods

that incorporate serial dilution of antibiotics in agar-containing or broth culture

medium. Quantitative sensitivity testing by macro- or microdilution techniques is

a prerequisite for the determination of the least concentration of the antibiotic

required to inhibit (mean inhibitory concentration [MIC]) and kill (mean

bactericidal concentration [MBC]) the isolated organisms (145). Clinical preju-

dice demands selection of an antibiotic or antibiotic combination having a low

MIC=MBC activity relative to its expected serum concentration. Most clinical

laboratories report only mean inhibitory concentrations.

IX. SERUM BACTERICIDAL CONCENTRATIONS

Peak and trough serum bacteriostatic and bactericidal levels described by

Schlichter and MaClean (146) are often employed to assess the bacteriostatic

and bactericidal capabilities of the treatment antibiotic(s). Initially, patient serum

samples are obtained after dosage in order to obtain the peak and trough serum

levels. The serum samples are then serially diluted and the dilution fractions are

tested against an inoculum of the infecting bacterial species. Using this method,

one can obtain an estimation of the antibiotic dosage necessary to obtain adequate

serum inhibitory and bactericidal antibiotic levels. These results are expressed as

minimal inhibitory dilution (MID) and minimum serum bactericidal dilution

(MBD or SBT). The interpretation criteria and significance of the data vary for

different laboratories (147–149). Most investigators strive for a peak minimum

serum bactericidal dilution of 1 : 8 or greater (i.e., eightfold or higher dilution of a

patient’s serum is capable of having a bactericidal effect on the infecting bacterial

species or strain) (150). In pediatric patients with osteomyelitis, minimum serum

bactericidal dilutions have been utilized to ensure the adequacy of oral antibiotic

therapy (151). In a typical osteomyelitis patient when optimal antibiotics are

selected by MIC testing, the likelihood of success is governed by the adequacy of

débridement surgery rather than by the adequacy of serum-cidal levels.

A. Concentration-Independent and -Dependent Killing of
Antibiotics

All b-lactams, glycopeptides, macrolides, and clindamycin show little concentra-

tion-dependent bactericidal activity (152). Once the drug concentration exceeds a

critical value, which appears to be two to four times the MIC for a given
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organism, killing proceeds at a zero-order rate, and increasing the drug concen-

tration does not increase the rate or extent of microbial death (153). Under these

conditions, little correlation between peak serum concentrations is expected.

These antibiotics exhibit concentration-independent or time-dependent killing;

the duration of the concentration of the drug above its MIC for the pathogen at the

site of infection is the best predictor of the clinical outcome.

In contrast, the aminoglycosides, fluoroquinolones, metronidazole, and

amphotericin B kill most rapidly when their concentrations are appreciably

above the MIC of the targeted microorganism (154,155). These antibiotics exhibit

concentration-dependent or time-independent killings. It has been shown that

aminoglycoside and fluoroquinolone agents eradicate organisms best at levels 10

to 12 times above the organism’s MIC (156,157). If this drug-to-MIC ratio is

obtained, most bacteria die within a short time. Consequently, the effect of the

time of drug exposure is minimal.

X. ANTIBACTERIAL AGENTS IN PREGNANCY

Most antibiotics used during pregnancy are for the benefit of the mother;

however, the fetus is also exposed to the antibiotic in varying degrees. Pharma-

cokinetic data on antibiotics from studies in pregnancy are limited because of

ethical issues.

A doubling of renal plasma flow in pregnancy increases the glomerular

filtration rate by 70% and the creatinine clearance by 50%; therefore, renal

excretion of drugs is also increased. This leads to a lowered serum drug level of

antibiotics during gestation.

Toxic effects of antibiotics vary with the period of gestation and the

maturity of the fetus. The risk of teratogenesis is present from the moment of

conception, but the embryo is most susceptible to teratogenic effects during the

first trimester (days 1 to 70).

All antibiotics must be used with caution by the pregnant female (158).

Antibiotics that have the best safety record include penicillins, cephalosporins, and

erythromycin. Other antibiotics can cause problems, for example, the aminoglyco-

sides can cause deafness. The sulfonamides, when given in the third trimester,

displace bilirubin from albumin, leading to kernicterus. The tetracyclines alter bone

growth and can cause pancreatitis and liver dysfunction in the pregnant female.

Metronidazole is carcinogenic in rats. The quinolones alter cartilage growth in

juvenile animals. Rifampin, trimethoprim, and clarithromycin either are teratogenic

in rodents or cause adverse outcomes in nonhuman animal species.

Many antibiotics appear in breast milk if administered to lactating women.

Antibiotics such as sulfonamides, quinolones, and chloramphenicol have been

found in breast milk and can have adverse effects in infants. It is prudent to
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discontinue breast-feeding temporarily during antibiotic therapy while maintain-

ing mild flow via a breast pump. If there is any question concerning a specific

antibiotic, specific references or specialists should be consulted (159).

XI. ANTIBIOTICS IN THE ELDERLY

The selection and dosage of antibiotics in the elderly require a clear comprehen-

sion of the physiological changes associated with aging and the higher frequency

of adverse drug reactions. It is unclear whether drug absorption, hepatic

metabolism, and drug response vary significantly with old age. It is evident

that drug clearance, particularly through renal mechanisms, is decreased in aged

persons. As a result of reduced muscle mass with age, the creatinine clearance is a

more accurate estimate of renal function than serum creatinine (160).

Because of age-related decline in renal function, dose adjustments and

monitoring of serum drug levels may be necessary for certain drugs. This can

work to our advantage by reducing twice-daily dosage to once-daily dosage and

allowing outpatient treatment.

Certain groups of antibiotics are associated with increased side effects in

elderly patients, including b-lactam antibiotics (seizures, skin rash), aminoglyco-

sides (renal and auditory and vestibular dysfunction), vancomycin (renal dysfunc-

tion), macrolides (nausea, abdominal cramps), and quinolones (seizures,

hallucinations) (161). Additionally, drug interactions in the elderly are increased

as a consequence of greater numbers of medications taken (162).

XII. ANTIBIOTIC RESISTANCE

One of the major infectious disease challenges of the modern era is fighting

infections due to antibiotic-resistant microorganisms. Infection with antibiotic-

resistant organisms is often associated with increased morbidity and mortality

rates. In a 1998 report, the National Foundation for Infectious Diseases estimated

that approximately $4 billion is spent annually in the United States to treat

nosocomial infections due to antimicrobial-resistant and emerging infections

(163).

Antibiotic resistance began with the advent of antibiotic therapy, when

sulfonamides and penicillin were introduced. Today, antibiotic resistance is

common in community-acquired pathogens and nosocomial pathogens, espe-

cially isolates from intensive care units. Many factors are involved in the

development of antibiotic resistance, including the increased number of immuno-

compromised and critically ill patients, increased use of indwelling devices and

invasive procedures, inappropriate use of antibiotics in the agricultural industry,
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lack of strict adherence to infection control procedures, and increased and

inappropriate use of antibiotic therapy (164–169).

Most antimicrobial resistance is caused by one of the following mechan-

isms: (1) enzymatic modification and inactivation of the antibiotic agent (e.g.,

b-lactamase-producing S. aureus); (2) alteration of the antibiotic target site

(e.g., penicillin-resistant Strep. pneumoniae isolates that have acquired a peni-

cillin-binding protein with reduced affinity to penicillin); (3) increased production

of antibiotic target proteins (e.g., increased production of cytochrome p450 in

Candida spp. treated with an azole); (4) decreased uptake of antibiotic by

alteration of porins or channels through which antibiotics penetrate the bacterial

cell membrane (e.g., P. aeruginosa resistant to imipenem) or the increased efflux

of intracellular antibiotic (e.g., azole-resistant Candida spp.). Microorganisms

may acquire antibiotic resistance by undergoing chromosomal mutations of the

antibiotic target protein or the transport system that controls uptake of the drug,

through acquisition of genetic material (plasmids, transposons, etc.) encoding

resistance genes, or by expression of existing resistance genes through induction.

Then, under selective pressure, organisms that have acquired resistance survive

and multiply, despite the presence of antibiotics, and replace sensitive organisms.

Antimicrobial-resistant pathogens important in orthopedics include methi-

cillin-resistant S. aureus (MRSA), vancomycin-intermediate S. aureus (VISA),

vancomycin-resistant S. aureus (VRSA), coagulase-negative staphylococci,

Enterococcus spp., P. aeruginosa, Enterobacteriaceae, and, rarely, azole-resistant

Candida spp. (170–173).

Depending on the institution, 10% to 50% of S. aureus isolates are

methicillin-resistant. One major source of infection is hospital personnel, since

approximately 3% of health care workers are nasal carriers. Control of MRSA

involves hand washing, isolation of suspected MRSA-infected or colonized

patients, use of universal barrier precautions, and minimization of the hospital

stay of patients. Treatment options include vancomycin, teicoplanin, co-trimox-

azole, minocycline, clindamycin, and quinolones. The newer drugs quinupristin

& dalfopristin and linezolid can be used to treat infections due to MRSA (174).

Resistance to vancomycin is rare in S. aureus. A limited number of cases

have been reported in Europe, Asia, and the United States; VISA is more

common than VRSA. These strains are usually isolated from patients who have

been treated with vancomycin for an infection due to MRSA. Treatment can be

challenging, and potential therapeutic candidates include linezolid and quinu-

pristin & dalfopristin (174).

Coagulase-negative staphylococci are a major cause of nosocomial infec-

tions, especially among patients with indwelling catheters or prosthetic implants.

Of this family, S. epidermidis is the most common cause of infections. A large

number of coagulase-negative staphylococcus isolates are resistant to methicillin.

Treatment is similar to that used for MRSA (174).
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Vancomycin-resistant Enterococcus spp. (VRE) was first reported in 1986

in Europe, where avopracin, a glycopeptide antibiotic, had been in use for years

in animal feed (175). In 2000, the National Nosocomial Infectious Surveillance

(NAIS) system report stated that 24.7% of nosocomial enterococcal infections in

intensive care units in the United States were caused by VRE (176). Although

enterococci are not as virulent as other microorganisms, the emergence of VRE is

a matter of concern because of the limited therapeutic options and potential for

transfer of vancomycin-resistance genes from enterococci to other more virulent

nosocomial pathogens, such as S. aureus. The Hospital Infection Control

Practices Advisory Committee (HICPAC) has issued recommendations to control

the spread of VRE (174). The highlights of these recommendations are strict

adherence to infection control measures and judicious use of vancomycin. Since

VREs are usually resistant to penicillin and aminoglycosides, treatment options

are limited to linezolid and quinupristin & dalfopristin.

Since the advent of antimicrobial therapy, the treatment of P. aeruginosa

infection has been a constant challenge to physicians. P. aeruginosa strains are

resistant to the majority of commonly used antibiotics (177). This intrinsic

resistance is primarily due to the low permeability of the outer cell membrane;

however, other mechanisms of resistance may be involved as well. Antibiotics

commonly used to treat resistant Pseudomonas aeruginosa include cephalospor-

ins (third- and fourth-generation), piperacillin-tazobactam, ticarcillin-clavulanic

acid, carbapenem, fluoroquinolones, and aminoglycosides. These same antibiotics

can also be used to treat infections due to Enterobacteriaceae species.

Candida spp. are rarely the cause of musculoskeletal infections. Azoles are

the first-line drugs for Candida spp. infections. Resistance to azoles has been

described in certain Candida spp. (C. krusei and C. glabrata) (174). In these

situations, amphotericin B is the treatment of choice.

XIII. SUMMARY

Antibiotics are classified on the basis of their mechanism of action. Antibiotics

that inhibit cell wall synthesis include penicillins, cephalosporins, imipenem,

aztreonam, and vancomycin, as well as b-lactamase inhibitors such as clavulanic

acid and sulbactam. Inhibitors of bacterial protein synthesis include those

antibiotics that act on the 50S ribosomal subunit (chloramphenicol, macrolides,

clindamycin) and others that act on the 30S ribosomal subunit (tetracyclines,

aminoglycosides, oxazolidinones). Sulfonamides and trimethoprim are inhibitors

of nucleotide synthesis. Quinolones inhibit DNA synthesis, whereas rifampin

inhibits messenger RNA (mRNA) synthesis. Metronidazole is a reducing

compound antibiotic. Other classes of antibiotics include those that alter cell
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membrane function (polymyxin, amphotericin B, azoles, nystatin) and those that

have an uncertain method of action (isoniazide, pentamidine).

The development of antibiotics has allowed us to change the natural course

of many bacterial diseases. As a result of the extensive use of antibiotics and

various advances in medicine, resistance to antibiotics is becoming a major

problem that threatens our success in treating bacterial diseases in the future.

Resistance to antibiotics can only be limited, not eliminated, so our major efforts

must be directed toward the appropriate and responsible use of antibiotics. This

includes using them for the appropriate indication, for the appropriate amount of

time, and through the appropriate route.
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I. INTRODUCTION

Osteomyelitis after compound fractures, especially in the lower extremities, is not

uncommon. Infection is usually the result of the initial bacterial contamination

compounded by devascularization of the soft tissue and bone from the injury and

a prolonged delay in primary wound healing (1–3). The single greatest obstacle to

the successful treatment of open fractures of the lower extremity is the prevention

of, or the eradication of, posttraumatic osteomyelitis. In 1970, Ger and Efron (4)

enumerated the factors associated with persistent infection after open fractures:

(1) retention of devitalized or infected bone (sequestrum), (2) presence of

dysvascular or infected soft tissues, (3) dead space in the surgical site, and (4)

inadequate soft tissue coverage. The successful treatment of any form of

osteomyelitis depends on radical débridement of devitalized bone, the poorly

vascularized surrounding soft tissue (scar), and the infected granulation tissue.

Once a healthy wound bed is obtained, the method for coverage of the open

wound can be determined.

Stark first described muscle flap coverage for chronic osteomyelitis wounds

in 1946 (5). Ger further documented the efficacy of muscle coverage for tibial

osteomyelitis (6). The work of Chang and Mathes (7) and later Feng and

associates (8) gave a physiological explanation for the improved results. In

animal studies, they showed that muscle flaps were significantly more effective

than random skin flaps in reducing bacterial counts and, thereby, more resistant to

soft tissue infection. They also found that the oxygen tension of the wounds

covered by vascularized muscle flaps was higher than that of wounds covered by

random pattern flaps.
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The successful treatment with aggressive débridement of all pathological

tissue and the obliteration of dead space, combined with muscle flap coverage of

such wounds and delayed osseous reconstruction, has been described by a

number of investigators (9–11). These principles have now become axiomatic

in the management of severe extremity trauma and posttraumatic osteomyelitis.

The ability to perform free tissue transfer for coverage of complex extremity

wounds has significantly expanded the possibilities for limb salvage in this

setting.

II. WOUND COVERAGE TECHNIQUES

Once adequate débridement has been performed and all infected and potentially

infected tissue has been removed, the resulting defect should be examined to

determine the reconstructive procedure required to close the wound. The funda-

mental principles of the reconstructive ladder should be kept in mind. However,

in most cases, after adequate débridement has been completed, the wounds are too

large or too complicated for simple primary closure or skin grafting to complete

the function of both closure of the wound and obliteration of the dead space

resulting from the débridement. Most cases require the pedicled or free transfer of

vascularized tissue to restore blood supply, replace lost or devitalized tissues, and

provide stable coverage to these complex wounds.

The location and size of the defect, as well as the structures exposed,

determine the nature of the reconstruction. Various local and distant flaps both

free and pedicled have been described for wound coverage.

III. LOCATION-BASED WOUND RECONSTRUCTION

A. Upper Extremity

Most cases of osteomyelitis in the upper extremity are secondary to trauma or

postoperative infections, especially in the presence of hardware.

1. Forearm

Open wounds over the forearm with exposed bone, nerve, or tendon substance

require vascularized tissue coverage either from local or distant flaps (12). Local

flaps available for soft tissue coverage of the forearm include the radial forearm

flap, ulnar artery flap, posterior interosseous flap, lateral arm flap, and brachio-

radialis muscle flap. The distant pedicled flaps described include the groin flap,

deltopectoral flap, and axial pattern hypogastric or thoracoepigastric flap. These

flaps require two stages for closure of wounds. A pedicled latissimus dorsi muscle
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or myocutaneous flap can be used for coverage of proximal forearm and elbow

defects. Larger defects warrant the use of free tissue transfer for coverage. Either

muscular free flaps (rectus abdominis, latissimus dorsi, gracilis) or fasciocuta-

neous free flaps (parascapular, scapular, lateral arm) can be used, depending on

the soft tissue requirements (13).

2. Elbow

Open wounds about the elbow require special attention because of the elasticity

of the tissues normally found in the area and the wide range of motion required

over the joint. Depending on the size of the defect, local, regional, or free flaps

can be designed for wound coverage. The flexor carpi ulnaris muscle or

myocutaneous flap (Fig. 1) based on the ulnar recurrent artery can be used to

address defects in and about the olecranon as well as those in the antecubital

fossa. The brachioradialis muscle is another reliable local flap for coverage

around the elbow, especially for radial defects. Other local flaps include the radial

forearm, ulnar artery, posterior interosseous, and lateral arm flaps.

The latissimus dorsi muscle or myocutaneous flap is the most frequently

used pedicled flap for coverage of large composite wounds of the elbow. When

islandized on its peclicle, the muscle flap can reach the proximal third of the

forearm and can cover all composite defects of the olecranon or antecubital fossa.

It can also be transferred as a functional unit to restore elbow flexion or extension

as needed. Other pedicled flaps, which are very rarely used, include the serratus

anterior muscle flap and the ‘‘distant pedicle two-stage flaps’’ such as the groin

flap or other thoracoabdominal flap. Larger defects are more ideally covered with

free tissue transfer of either muscle or skin and fascia. Depending on the size of

the defect, we prefer to use the flexor carpi ulnaris locally, the latissimus dorsi

muscle regionally, and the rectus abdominis muscle as a free tissue transfer.

Functional restoration at the elbow can be achieved with either the latissimus

dorsi or the gracilis (14).

3. Upper arm and shoulder

Osteomyelitis of the humerus or shoulder joint is rare, and when vascularized soft

tissue coverage is required, a pedicled latissimnus dorsi muscle or myocutaneous

flap (Fig. 2) can be taken from the ipsilateral side. When the flap is isolated on its

pedicle, both the origin and the insertion of the muscle can be released to allow

coverage of the entire volar or dorsal surface of the upper arm, with extension of

the muscle into the proximal forearm. The pectoralis major muscle or myocutan-

eous flap can also be used for these defects, but the arc of rotation is smaller and

the donor site scar is more noticeable (15).
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(a) (b)

(c)

(d)

Figure 1 (a) Recurrent, infected olecranon bursitis leading to ulnar osteomyelitis.

(b) Flexor carpi ulnaris myocutaneous flap for coverage of the proximal ulna. (c) Full

flap inset. (d) Flexor carpi ulnaris flap (different patient) well healed with range of motion

preserved.
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(a)

(b)

(c)

Figure 2 (a) Severe proximal humeral destruction with subsequent recurrent infection

after resection. (b) Latissimus dorsi myocutaneous flap transposed for coverage.

(c) Latissimus dorsi flap inset.
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B. Lower Extremity

Most cases of osteomyelitis involve the tibia. Other sites of involvement include

the tarsal bones, fibula, femur, and hip joint. Most cases are posttraumatic, but

osteomyelitis can be seen postoperatively and from hematogenous seeding as a

sequela of bacteremia from a primary source of infection elsewhere in the body.

No matter what the cause, the treatment remains standard. The institution of

intravenous antibiotics, débridement of infected, nonviable bone; and soft tissue

and vascularized wound coverage are the basis for treatment of this disease

process.

1. Pelvis

An unfortunate and extremely debilitating sequela to spinal cord paralysis, either

paraplegia or tetraplegia, is decubitus ulceration, or pressure sores. If not

addressed early, these pressure-induced skin breakdowns can rapidly progress

to involve subcutaneous tissue, muscle, and bone. A basic understanding of the

decubitus classification is mandatory for understanding of the progression of this

disease process (Table 1).

Stage IV decubiti occur in three main areas: the sacrum, trochanter, and

ischium. Other less frequent locations include the calcaneous and occiput. Once

the bone is exposed, it must be treated in the same manner as any type of

posttraumatic osteomyelitis (Fig. 3). Radical débridement of all involved bone

with special attention to the removal of any bony prominences is the first priority.

Culture-specific antibiotics must be started as soon as possible. This type of

chemotherapy is an important adjunct to, but not a replacement for, aggressive

surgical intervention. Once a clean wound is achieved, myocutaneous flap

coverage can proceed. In nearly all circumstances, local flaps can be used to

close these wounds. An overall strategy must be well thought out, given the

recurring nature of pressure sores in this population. It is not unusual to encounter

two or three recurrences of a specific decubitus over the life of an adult paraplegic

Table 1 Pressure Sore Staging

Pressure sores Stages

Stage I Erythema of affected skin, no ulceration

Stage II Superficial ulceration, partial-thickness loss, no exposure of

underlying structures

Stage III Full-thickness skin loss, potential subcutaneous tissue involvement

Stage IV All layers involved, including subtending muscle and bone, probable

osteomyelitis
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(b)

(a)

(c) (d)

Figure 3 (a) Stage IV ischial pressure sore with loss of skin, subcutaneous tissue, and

muscle and exposure of the bone with obvious osteomyelitis. (b) After radical débridement

of all involved tissues, the gluteus maximus myocutaneous flap is raised on the superior

gluteal artery. The gracilis muscle is also isolated. (c) The gracilis muscle is used to fill the

deep dead space, while the gluteus is rotated to close the wound. (d) The appearance of the

ischial area after completion of the transfers and wound closure.
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patient. Table 2 summarizes various options for the three major pressure sore

locations. The sacrum can be covered by numerous variations of the gluteus

maximus myocutaneous flap, either rotated, transposed, or advanced. Other

options include the distally based latissimus dorsi. The gluteus also works well

as a rotation flap for pressure ulcers located in the trochanter region. The tensor

fasciae latae is extremely reliable and can be reused in various circumstances. The

vastus lateralis provides good muscle bulk but is a thicker dissection with a

somewhat higher donor site morbidity incidence. The rectus abdominis muscle

can be rotated down from the abdomen or the rectus femoris, in small lesions,

from the anterior thigh. Ischium lesions are usually smaller in size but should not

be underestimated in complexity. Options for closure of these defects include the

gluteus, gracilis, and biceps femoris.

Ultimately, to be successful with these problem wounds, the surgeon must

underscore to the patient the importance of patient education and compliance in

pressure and shear stress avoidance.

Once reliable wound closure has been achieved through one of the

preceding options, these patients enter a critical phase of their rehabilitation.

The postoperative recovery period includes a prolonged phase (3 to 6 weeks) of

direct pressure avoidance through the use of air fluidized beds. In addition,

antispasmodics, such as baclofen, should be prescribed early to prevent tetanic

contractures. Rehabilitation training must focus on pressure avoidance in all

activities of daily living. Family and social support, often lacking in this

population, must be investigated and maximized if possible. Recurrence after

several years that is temporally related to an acute destabilization of the back-

ground social environment is not unusual.

Table 2 Pressure Sore Coverage Options

Location Muscle flap option

Sacrum Gluteus: rotation, advancement transposition

Reversed latissimus dorsi

Trochanter Gluteus

Tensor fasciae latae (TFL)

Vastus lateralis

Rectus abdominus

Rectus femoris

Ischium Gluteus

Graciles

Biceps femoris
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2. Hip and proximal=lateral thigh

Hip and proximal=lateral thigh wounds usually result from complications in the

management of hip fractures or arthroplasty, or from pressure necrosis over the

greater trochanter or sacrum. Therefore, hip wounds often require vascularized

coverage of exposed orthopedic hardware or obliteration of dead space after the

removal of infected prostheses. Local lower extremity muscle or myocutaneous

flap options include the tensor fasciae latae (TFL), vastus lateralis, and rectus

femoris flaps, all of which are based on the lateral circumflex femoral artery. The

vastus lateralis flap provides a larger bulk of muscle and can provide a skin

paddle overlying its proximal half (16). This flap has the functional advantage of

producing little or no effect on ambulation when mobilized and can reach most of

the inferior and posterior pelvis. It is useful for large soft tissue defects and is

commonly employed to fill the dead space created by Girdlestone resection of the

femoral head. The rectus femoris flap is easily mobilized and has a fairly wide arc

of rotation and can be elevated with a small skin paddle that allows primary

closure of the donor site. It does not provide as much bulk as the vastus lateralis

and is associated with some loss of strength in knee extension.

An excellent alternative for closure of large hip defects, particularly after

explantation of an infected hip prosthesis, is the extended deep inferior epigastric

(EDIE) flap. The EDIE flap is essentially a vertical rectus abdominis myocuta-

neous flap (Fig. 4), elevated with a random cutaneous extension adjacent to the

paraumbilical perforators (17). Either a portion, or all, of the large cutaneous

paddle may be deepithelialized for use in filling extensive soft tissue defects. Its

arc of rotation may extend as far inferiorly as the knee. This versatile flap should

be considered when local lower extremity muscle flaps are unavailable, inade-

quate in size, or considered to be unreliable because of vascular disease or prior

radiation (18,19,20).

When the nature of the wound and=or potential donor sites precludes the

use of pedicled flaps, free tissue transfer is indicated. The latissimus dorsi free

flap (Fig. 5) is an obvious first choice since it provides the maximal possible soft

tissue coverage and a donor site that is anatomically remote from the wound. A

potential problem with microsurgical tissue transfer to this area is the availability

of easily accessible, reliable recipient vessels.

3. Mid Thigh

Wounds of the midthigh can often be closed with skin grafts or local fascio-

cutaneous flaps since a thick envelope of soft tissue protects the femur. Exposure

of a femoral fracture or orthopedic hardware, however, requires well-vascularized

muscle flap coverage. The TFL, vastus lateralis, and rectus femoris flaps may all

be useful for midthigh wounds, if the lateral circumflex femoral pedicle is intact.

The gracilis flap, based on the medical circumflex femoral artery, is available for
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(a) (b)

(c)

Figure 4 (a) Deep space acetabular osteomyelitis. (b) Preoperative large skin and soft

tissue deficiency as well as planned rectus abdominis myocutaneous flap. (c) Flap inset

with donor site closure. Patient eventually had successful total hip replacement surgery.
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(a)

(b)

(c)

Figure 5 (a) Massively irradiated, infected distal femur with compromised soft tissue

envelope after treatment of malignant fibrous histiocytoma. (b) After resection of involved

tissues. (c) Latissimus dorsi myocutaneous free flap used for coverage.
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coverage on the medial aspect of the thigh. Although it does not provide a great

deal of muscle bulk, the gracilis can be ‘‘unfurled’’ by careful longitudinal

dissection of intramuscular septae in order to cover broad defects. The vastus

medialis muscle flap is supplied by perforators from the profunda femoris

proximally and the superficial femoral artery distally and cannot be rotated on

a vascular pedicle. However, it may be mobilized on its perforators and

transposed medially for coverage of the femur. When left attached proximally,

it may be used for reconstruction of the patellar tendon and restoration of knee

extension (21,22). The rectus abdominis muscle and, more specifically, the EDIE

flap are useful in circumstances involving extensive soft tissue loss. With

recurrent infection of an underlying fracture requiring wide soft tissue débride-

ment, free tissue transfer may be the best management option. As opposed to

conditions in the hip area, in the thigh adequately sized and easily accessible

vessels for inflow and outflow are usually available.

4. Knee

The femur flares distally into medial and lateral condyles, and the soft tissue

envelope surrounding it tapers accordingly. This area is at or beyond the limit of

the arc of rotation or the previously described rotation flaps. For coverage of

exposed fractures and hardware at this level, an extended medial gastrocnemius

muscle or myocutaneous flap is useful (Fig. 6). This flap incorporates a random

fasciocutaneous extension of the usual gastrocnemius skin paddle and can

effectively cover wounds at and just proximal to the level of the femoral condyles.

In general, the skin paddle of the medial gastrocnemius flap is reliable up to

10 cm above the medial malleolus. In unusual circumstances, the skin paddle can

be extended to within 5 cm above the malleolus by utilizing a delay procedure.

This requires an additional procedure, usually 10 to 14 days before the actual flap

rotation, in which the skin paddle is incised, then reapproximated, thus restricting

skin vascularity to the subtending muscle.

5. Lower leg: proximal third tibia

Proximal tibial defects may usually be covered with a medial or lateral gastro-

cnemius muscle or myocutaneous flap, or a combination of the two. These

muscles have a dominant proximal vascular pedicle, the medial and lateral sural

arteries, respectively, and when completely islandized on their pedicles they may

reach most wounds adjacent to the knee. These flaps are extremely reliable, and

easily elevated and pose no functional deficiency if one muscle is mobilized.

Perpendicular scoring of the fascial envelope of the gastrocnemius muscle,

particularly on its undersurface, adds some length and width to the muscle

belly. If both muscles are elevated as flaps, many patients demonstrate weakness

in ankle plantar flexion. If the soleus muscle flap is used along with the medial or
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(a) (b)

(c) (d)

Figure 6 (a) Sinus tract from an infected total knee arthroplasty. (b) After resection and

explantation with placement of an antibiotic spacer. (c) Transposition of gastrocnemius

myocutaneous flap for coverage. (d) Completed inset.
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lateral gastrocnemius flap for an extensive defect of the proximal to midtibia, a

minimal to moderate functional defect results if one head of the gastrocnemius

remains in situ. A cutaneous paddle can be raised with the muscle easily and may,

in certain cases, obviate the need for skin grafting.

Other local muscle flaps have been described, such as a bipedicled tibialis

anterior transposition flap; however, none has gained wide clinical use because of

questionable reliability. A wide variety of fasciocutaneous flaps, based on super-

ficial perforating vessels from the deep arterial system, such as the saphenous

artery and sural artery flaps, have been reported. These flaps are less reliable than

muscle flaps, may create unfavorable donor defects, and have a higher rate of

complications (23). Proximal third tibia and knee defects that cannot be closed by

using gastrocnemius flaps generally require free tissue transfer, most often a

rectus abdominus or latissimus dorsi muscle flap with skin graft. Extremely large

defects may require transfer of a free EDIE flap, which may allow recontouring of

wounds with large skin and subcutaneous tissue defects, or a combined latissimus

dorsi–serratus anterior flap, which can be transferred on a common pedicle.

6. Lower leg: middle third tibia

The soleus flap (Fig. 7) can be raised only as a muscle flap and is the workhorse

for coverage of middle third tibia defects. Like the gastrocnemius flap, the soleus

flap is reliable and easily raised. Its bipennate morphological character allows the

soleus to be split into a larger medial and a much smaller lateral hemisoleus flap

(24). In our experience, however, there appears to be no advantage to bisecting

the soleus in most situations. The soleus has a proximal dominant vascular supply

from branches of the popliteal artery, and a secondary distal supply from branches

of the posterior tibial artery.

A reversed soleus flap, based on the inferior circulation, for coverage of

lower tibial and heel defects has been described (25); however, the reliability of

this flap is questionable. As mentioned, large defects may require a combination

of a soleus and a medial or lateral gastrocnemius flap. In these circumstances, it is

usually more appropriate to choose free tissue transfer using either the rectus

abdominus or latissimus dorsi muscles.

7. Lower leg: lower third tibia

Although distally based fasciocutaneous flaps may be adequate for small wounds

of the distal third of the lower leg, most wounds involving significant tibial

exposure and essentially all open tibial fractures require coverage by free tissue

transfer. This is particularly true in the setting of osteomyelitis. Again, the rectus

abdominus (Fig. 8) or latissimus dorsi free flaps are most commonly employed

for large three-dimensional defects, especially when segmental tibial defects must

be filled before formal osseus reconstruction. The gracilis flap is also readily
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(a)

(b)

(c)

Figure 7 (a) Open type IIIB middle third tibial fracture after IM nailing. Notice

devascularized butterfly fragment. (b) Elevation and rotation of soleus muscle for coverage.

(c) After inset of soleus muscle and placement of a split-thickness skin graft.
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available, reliable, and useful for small, narrow defects. Less commonly used, the

scapular or parascapular fasciocutaneous free flaps are equally effective. The

widespread application of early wound closure by free tissue transfer in the

setting of comminuted, open distal third tibia fractures has resulted in a dramatic

decrease in the incidence of osteomyelitis and subsequent amputation.

(a)

(b)

(c) (d)

Figure 8 (a) Complex through-and-through deformity after radical resection of persis-

tent osteomyelitis of a distal tibial articular fracture. (b) Rectus abdominis free flap split

longitudinally for coverage and simultaneous obliteration of the deep dead space.

(c) Healed flap. (d) Delayed elevation for bone graft placement. The deep muscle

transplant component is removed at this time.

544 Sherman



If thinner soft tissue coverage is required for recontouring of defects in this

area, the radial forearm and temporoparietal fascia free flaps are easily raised and

reliable. The fasciocutaneous flaps described previously for smaller defects are

essentially distally based reverse-flow flaps that are perfused by septocutaneous

perforators from the tibial or peroneal vessels. Great care must be taken to

preserve the tenuous inflow to these flaps during elevation, and flap design should

be such that the flap length does not greatly exceed the width.

8. Foot

Hidalgo and Shaw (26) have developed a classification system for foot injuries

that quantifies soft tissue deficits as well as associated osseus injuries and divides

the foot into four separate areas for reconstruction. Type I injuries involve limited

soft tissue loss only, type II injuries include major soft tissue deficits with or

without distal amputation, and type III injuries are those with major soft tissue

loss and accompanying open fracture(s) of the ankle, calcaneus, or bimalleolar

area. The foot is divided anatomically into the Achilles and malleolar area, the

heel and midplantar area, the distal plantar area, and the dorsum. For practical

purposes, wounds resulting from débridement of infected tissue in the foot would

be classified as type III wounds.

a. Achilles and Malleoli. Large type III wounds of the hindfoot, parti-

cularly those with exposed joints or fractures, require free muscle transfer for

coverage. Paramount to the successful treatment of these injuries are adequate

osseus débridement and stabilization. The gracilis muscle (Fig. 9) is especially

well suited for this area because it is long and narrow, can be ‘‘unfurled’’ by

dissection of the intramuscular septae to provide thin coverage, and can even be

split transversely and transferred as two separate free flaps, by using a minor

distal pedicle to revascularize the distal half of the muscle. The rectus abdominis

(Fig. 10) and latissimus dorsi are also reliable and readily available.

b. Heel and Midplantar Area (Proximal Weight-Bearing Areas). Most

defects require free tissue transfer, and in the case of the weight-bearing surface

of the foot, free muscle flaps covered with split-thickness skin grafts may be more

stable and functional than fasciocutaneous flaps. Although such flaps are initially

insensate, neurotization along vascular channels with subtotal return of various

sensory modalities has been widely reported in free tissue transfer, and it is

possible that some degree of proprioception will return. May and colleagues (27)

have reported on nine patients who underwent this technique of reconstruction for

wounds of the weight-bearing heel or sole and noted plantar wound breakdown or

ulceration in only one patient over an average follow-up interval of 19 months.

c. Distal Plantar Area and Forefoot. Most wounds of the distal plantar

area require free tissue transfer for coverage. Plantar flaps cannot be sufficiently
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(a) (b)

(c) (d)

(e)

Figure 9 (a) Calcaneal osteomyelitis with overlying eschar after open reduction and

internal fixation (ORIF). (b) Radiograph showing fracture with reduction and hardware.

(c) After débridement. (d) Closed with small segment gracilis muscle flaps and full-

thickness skin graft. (e) Healed wounds.
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mobilized distally because of a tethering effect by the plantar nerves that

innervate them. As for the proximal weight-bearing foot, free muscle flaps

with split-thickness skin grafts appear to provide the more stable, durable

coverage.

d. Dorsum. For deep wounds in the adult, thin fasciocutaneous flaps such

as the temporoparietal fascia flap (TPF), radial forearm flap, or parascapular flap

provide a more aesthetic reconstruction than muscle flaps with skin grafts. The TPF

flap is ideally suited for those defects for whichminimal bulk is required such as the

dorsum of the foot or themalleolus, where vital structures such as tendon, bone, and

nerve run just below the skin surface. The real advantage in this type of

reconstruction is the retained ability of the patient to use normal footwear (Figs.

11 and 12). However, in cases of severe injuries associated with open fractures (type

III), coverage with a muscle free flap may be prudent. Surprisingly, in young

children, the latissimus is nearly ideal for reconstructing these subtypes.

(a) (b)

(c) (d)

Figure 10 (a) Bilateral calcaneal osteomyelitis in a jumper (right foot shown). (b) Left

foot. (c) Gracilis muscle showing major pedicle on right, minor pedicles middle and left.

(d) Donor site of single donor for two recipient sites. Healed. Grafted hemigracilis shown

on left hindfoot. (e) Bilateral healed recipients from a single gracilis muscle donor.
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(a)

(b) (c)

(d) (e)

Figure 11 (a) Temporoparietal fascial flap (TPF) is an excellent donor when minimal

bulk is desirable. If needed, the deep temporal fascia can be taken to develop a bilaminar

construct. (b) TPF flap is dissected out. (c) Crushed, infected metatarsophalangeal (MTP)

joint with surrounding soft tissue loss. (d) After débridement and placement of TPF flap.

(e) Covered with a split-thickness skin graft maintaining normal contour.
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IV. FLAP ELEVATION FOR SECONDARY ILIAC CREST
BONE GRAFTING

After adequate wound coverage, antibiotic therapy is continued for a further 2 to

6 weeks. We have found 3 to 4 weeks of intravenous antibiotics to be adequate for

most patients. Weiland and coworkers (28) stated the importance of increased

(g)

(f)

(h) (i)

Figure 11 (f) Infected ankle joint. (g) Healed with TPF flap and a split-thickness skin

graft. Notice normal contour, minimal bulk. (h) Dorsal composite wound with exposed

tendons, bones, and joint. (i) Well-healed TPF flap with a split-thickness skin graft,

producing no additional bulk.
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vascularity in the wound bed from the muscle flaps, which, in turn, aid in better

incorporation of subsequent bone grafting. Before the advent of flap coverage for

these types of injuries, the standard practice was to bone graft indirectly through a

separate posterior approach. Posterior lateral bone grafting for the treatment of

these large bony defects was hampered by the long delay in attempting to achieve

closure of the primary wound by secondary intention and biomechanically by

application of the bone graft in an area other than the direct diaphyseal shaft

defect. The restoration of a vascularized soft tissue envelope has allowed the

(a)

(b) (c)

Figure 12 (a) Infected, irradiated, and exposed first metatarsophalangeal (MTP) joint

and extensive surrounding soft tissue damage after treatment of melanoma. Patient also

received regional chemotherapy perfusion with hyperthermia. (b) Radical débridement

with placement of rectus abdominis muscle flap. (c) Healed and stable with a split-

thickness skin graft. A modified shoe was built.
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orthopedic traumatologist to bone graft directly at the fracture site in a timely

fashion. We wait approximately 6 weeks before performing bone grafting in cases

with large bony defects. This interval permits control of infection as well as a

decrease in the muscle edema.

Although simultaneous iliac crest bone grafting and vascularized wound

closure with favorable results have been reported, the accepted standard of

treatment at this time is early secondary iliac crest bone grafting 4 to 6 weeks

after successful wound closure. The procedure is performed with both the

orthopedist and plastic surgeon’s participation. With the extremity under tourni-

quet control, the previously transferred flap can be elevated with care taken to

maintain the vascular pedicle. Any muscle component that is used for the

obliteration of the osseous dead space can then be directly excised. The iliac

crest bone graft is then packed into the osseous defect directly, obliterating the

diaphyseal defect completely. Wound cultures are taken to determine whether any

persistent deep space infection is present; if so, this finding might then alter the

postoperative antibiotic strategy. The flap is resutured under tourniquet control

after placement of drains. Tourniquet release before wound closure after iliac

crest bone grafting is not recommended because the rapid onset of flap swelling

impairs wound closure and compromises the primary objective. Appropriate bulb

suction drainage allows for the evacuation of any residual bleeding under the flap.

V. SUMMARY

In conclusion, high success rates (97%) can be achieved in the treatment of

osteomyelitis via a team approach with the active participation of orthopedic

surgeons, plastic surgeons, and infectious disease specialists. Successful results

can be obtained by specific systemic antibiotic therapy, débridement of all

nonviable tissues, stabilization of the fracture or nonunion with an external

fixator, and local and free tissue transfers followed by autogenous bone grafting,

when needed (29).
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I. INTRODUCTION

Osteomyelitis is a difficult infection to treat effectively. Standard treatment

includes radical local débridement and systemic antibiotics (1,2); bone grafts

are performed secondary to fill bony defects. Bone grafts are invasive, and

systemic antimicrobials are associated with potentially severe adverse effects.

Failure of treatment or recurrence of disease often requires lower extremity

amputation. Seabrook (3) demonstrated the limitations of systemic antibiotic

treatment in diabetic foot infections. Antibiotics were not present in muscle tissue

at surgical site in 14 of 26 diabetic patients given intravenous antibiotics 1 hour

before débridement. Only 6 of 26 patients had therapeutic tissue levels of

antibiotics in the foot.

One alternative method of systemic treatment is allowing higher ther-

apeutic concentration of drugs that act locally and allow bone formation at the

same time. In order to prevent toxicity and to minimize the need for long-term

parenteral antibiotics, systems for local delivery of antibiotics have been used to
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overcome the limited penetration of systemic agents into poorly vascularized

bone (4). Such systems include closed suction irrigation and antibiotic-

impregnated materials such as plaster pellets, fibrin, collagen and porous

calcium, hydroxyapatite, and synthetic polymers (5,6). There is broad applica-

tion of the use of antibiotic-impregnated beads in the clinical treatment of bone

and joint infections. This application may be further widened by optimizing

antibiotics used in beads and loading dosages, as well as improving biodegrad-

ability of the carriers and attaining better control of the release rate of

antibiotics.

In addition to bone infection and inflammation, poor mechanical integrity

as a result of surgery is another complication. Despite the remarkable intrinsic

capability of bone to regenerate and undergo repair, it often requires or benefits

from an addition of an osteoinductive stimulus, traditionally in the form of

autogenous bone grafts. In recent years, our understanding of bone regeneration

and repair has greatly improved at both cellular and molecular levels. This is

particularly true with respect to the molecular signalling responsible for regulat-

ing the recruitment, differentiation, and activity of molecules responsible for

bone remodeling and osteogenic cells. Clinical applications of these factors

combined with implants have shown promising results. Tissue-compatible

biomaterial can help support cell proliferation by providing a suitable attachment

substrate that can directly influence cellular differentiation into an osteogenic

phenotype. Bone morphogenetic protein– (BMP)-impregnated implants play an

increasingly important role in adjunctive therapy for long bone nonunions and

spinal fusion.

The application of electrical stimulation for bone and soft tissue healing is

another promising area. Numerous animal and human studies confirm that

electrical stimulation of the proper charge, density, and total energy causes

dramatic improvement in the healing of chronic wounds and nonunions. The

antimicrobial effects of electrical stimulation have also been investigated by

several methods. Currently, the Food and Drug Administration (FDA) has

approved a variety of electric stimulation devices for clinical use in the United

States. Continued technological improvement in all electrical stimulatory

methods should broaden their usefulness and applicability.

The use of hyperbaric oxygen therapy for treatment is achieved when a

patient breathes 100% oxygen in an environment of elevated atmospheric

pressure. Physiologically, this technique produces a directly proportional increase

in the plasma volume fraction of oxygen, which is directly available for cellular

metabolism. Theoretically, a number of beneficial cellular and molecular effects

can result from the use of hyperbaric oxygen as adjunctive therapy in orthopedic

infection and injury. Clinically, careful staging of osteomyelitis helps identify

potential candidates who can benefit from hyperbaric therapy.
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II. BIOIMPLANTS

A. Bioimplants as Adjunctive Therapy in the Management
of Chronic Osteomyelitis and Deep Soft Tissue
Infections

1. Classification

Drug-impregnated implants are acknowledged as a safe method for delivering

drugs specifically to musculoskeletal tissue. Currently, the materials frequently

used as bioimplants include polymethylmethacrylate (PMMA), minerals (or

inorganic material), fibrin, and synthetic polymers. These materials can be

classified as either nonbiodegradable or biodegradable. The major representative

of the nonbiodegradable implants is composed of PMMA. Examples of biode-

gradable implants include collagen, hydroxyapatite blocks, and synthetic poly-

mers (Table 1).

2. Drug delivery

a.) Antibiotic-impregnated implants. Conventional treatment of osteo-

myelitis involves repeated surgical débridement of necrotic tissue coupled with

prolonged systemic administration of antibiotics. In order to eradicate the

bacterial infection, the antibiotic concentration must be many times higher than

the minimal inhibitory concentrations of the pathogenic organisms. Parenteral

administration of antibiotics for 4 to 6 weeks is usually recommended for the

treatment of chronic osteomyelitis. However, the routine use of the standard

dosage of systemic antibiotics is usually not adequate to eradicate bone infections

(7) because of poor perfusion into diseased bone site and poor penetration into

Table 1 Classification of Biomaterial Commonly Used for Implants

Nonbiodegradable Biodegradable

Example Polymethylmethacrylate

(PMMA)

Collagen sponge

Apatite-wollastonite glass

ceramic block

Hydroxyapatite block

Synthetic polymers

Antibiotic release High concentration High concentration

Duration of release 4–6 Weeks (up to 8–9

weeks)

4 Months

Surgical removal Yes Not necessary

Release load 10% 60%
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glycocalyx. When large dosages of antibiotics are administrated systemically over

long periods of time, they may result in potentially severe nephrotoxicity,

ototoxicity, or allergic reactions.

In the 1970s, Buchholz and Engelbrecht (8) introduced the concept of local

antibacterial therapy in the form of antibiotic-impregnated bone cement to treat

infected arthroplasties. Since then, antibiotic-impregnated beads have been

developed to treat local infections of bone and soft tissue. The advantage of

beads compared with parenteral therapy is that they fill dead space produced by

débridement and deliver a high concentration of the antibacterial agent locally

through diffusion, which is independent of vascular perfusion at the infected site.

This is particularly important for patients with diabetes, who have a high

prevalence of peripheral vascular disease. Use of antibiotic-impregnated beads

prevents high systemic concentrations, thus precluding adverse effects that are

often associated with parenteral antibacterial therapy. Antibiotic-impregnated

cement has been used prophylatically for total arthroplasties (8) and as part of

the treatment of total joint arthroplasty infection (9). Antibiotic beads have been

used in the treatment of chronic osteomyelitis (10), and infected nonunion (11)

and prophylatically when preparing open fractures (12). This modality has also

been used in deep diabetic foot infections without osteomyelitis (13).

b.) Antibiotic selection. Antibiotic choice should be culture-directed

whenever possible. A pharmaceutical grade antibiotic power should be used;

the antibiotics must be heat-stable and water-soluble. For optimal success, the

chosen antibiotic should be bactericidal and hypoallergenic (14).

The aminoglycosides and vancomycin are the best choices for use in

antibiotic beads because of their broad spectrum of activity, low incidence of

allergic reactions, heat stability, and extensive record of research experience.

Gentamicin is the most widely studied antibiotic used in antibiotic-impregnated

PMMA beads. However, in the United States, gentamicin is not available in a

powder formulation, whereas tobramycin is. Thus, tobramycin is the aminoglyco-

side used most frequently. Other antibiotics used in PMMA beads and spacers

include cephalosporins, b-lactams, macrolids, quinolones, and doxycycline

(Table 2).

3. Materials

a.) Polymethylmethacrylate cement Bone cement consists of two compo-

nents: antibiotics and monomer methyl methacrylate. On mixing, monomer

methylmethacrylate undergoes an exothermic polymerization reaction that

causes a local thermal necrosis in the bone tissues immediately adjacent to the

cement. Theoretically, a suitable antibiotic for use in acrylic bone cement should

be water-soluble and be able to resist degradation by the extreme temperature (up

to 100�C) produced during the exothermic reaction.
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The first use of PMMA for antibiotic delivery was in 1970, when Buchholz

reported on the addition of penicillin, gentamicin, and erythromycin to total hip

joint arthroplasties (112). Today, nonbiodegradable PMMA cement or beads have

been extensively used for treatment and prophylaxis for bone infection. The

PMMA antibiotic beads elute biomodally within the site of infection. An initial

rapid release of 5% of the total amount of the antibiotic occurs within the first 24

hours (15). The initial release of drug is followed by a sustained elution that

progressively diminishes over a period of a few weeks to months. In an isolated

case, detectable antibiotic concentrations were reported 5 years after treatment.

The elution of antibiotics from bioimplants is influenced by several factors,

including composition and structural characteristics (size, shape, and surface

topography). Other factors affecting elution are most often related to character-

istics of the antibiotics, such as diffusion properties of individual antibiotics and

antibiotic concentration in the beads. Finally, the turnover of the fluid in the local

wound environment can also affect the elution rate of the antibiotics from the

implant.

Negligible serum concentrations are reported after use of aminoglycoside-

impregnated bone cement (16,17). This finding implies minimal risk of toxicity

compared to that of systemic aminoglycoside therapy. These properties of lower

toxicity and higher local antibiotic concentration with aminoglycoside-impreg-

nated bone cement make it very useful as an effective alternative or addition to

systemic therapy in deep bone infections (18,19). Calhoun and Mader (20)

reported eradication of osteomyelits in 18 of 18 metatarsal head resections with

antibiotic bead placement in the diabetic foot. One prospective, randomized study

compared systemic prophylaxis with gentamicin PMMA alone for hip athroplasty

(21). The gentamicin group had a reduction of deep postoperative infection from

1.6% to 0.4%. Walenkamp and associates (22) treated 100 osteomyelitis patients

with débridement and gentamicin-PMMA beads and followed them for 5 (1–12)

years. No systemic antibiotics were necessary except the local antibiotic treatment

in 52 of the treatment periods. Healing was achieved in 92 patients.

Although the use of PMMA has many advantages over the use of

intravenous infusion, the use of this nonbiodegradable polymer has its limitations,

Table 2 Selection of Antibiotics Used for Local Antibiotic-

Impregnated Implants

Antibiotics Mechanism of action Heat stability

Aminoglycosides Ribosome Heat-stable

Penicillin Cell wall Labile

Vancomycin Cell wall Heat-stable

Cephalosporin Cell wall Labile

Quinolones Deoxyribonucleic acid Labile
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including the following: (1) PMMA implants generally yield only 2 to 4 weeks of

antibiotic elution above the minimal inhibition concentration for most common

pathogenic organisms. The elution rate of most antibiotics is 10%–50%. Since

adequate antibiotic elution from PMMA can be sustained for only 2 to 4 weeks,

there is likelihood that organisms surviving the initial release of antibiotics may

develop resistance to the antibiotic. (2) PMMA requires a second surgical

procedure for removal (3) PMMA is quickly coated in host proteins such as

fibrin, which provides an optimal environment for bacterial colonization. (4) The

local immune response may be compromised by implantation of a medical device

because of the foreign body reaction. (5) Local blood supply may be compro-

mised when implants remain within the host for extended periods.

Biodegradable and biocompatible materials such as bioceramics and

synthetic polymers have been developed as alternatives to PMMA (23). The

major advantages of these implants are (1) steady and extended release, which

provides longer and higher antimicrobial agent availability; (2) wider selection of

antibiotics, including those that are thermolabile; (3) decreased morbidity, since

surgical removal is not necessary; and (4) increased osteoconductivity and=or
osteoinductivity.

b.) Hydroxyapatite. Self-setting apatite (24,25) is transformed into

hydroxyapatite Ca10ðPO4Þ6ðOHÞ2 (HAP), which has a high compatibility with

natural bone tissue and sets within half an hour in situ. Hydroxyapatite can be

derived from different sources such as calcium sulfate and coral. The advantages

of HAP are that its chemical composition is similar to that of natural bone, it has a

high affinity for hard tissue, and it is an ideal candidate for long-term use. These

properties have prompted intensive efforts to investigate HAP musculoskeletal

drug delivery systems for the administration of drugs such as antibiotics (26,27),

growth hormones (28), and BMPs (29).

Shinto and colleagues (30) described the ability of gentamicin-impregnated

calcium hydroxyapatite biodegradable beads to deliver five times the minimal

inhibitory concentrations for Staphylococcus species for at least 12 weeks in

vitro. Solberg and coworkers (31) showed that the gentamicin-impregnated

hydroxyapatite cement is an effective treatment of osteomyelitis in an animal

model. Yamashita and coworkers treated patients with osteomyelitis with good

clinical results (32). Although the brittleness and poor strength of HAP have

limited its use, HAP-coated metal implants with sufficient mechanical strength

have been proposed as an alternative (33).

c.) Synthetic polymers. Biodegradable synthetic polymers such as poly-

lactic acid (PLA) or polyglycolic acid (PLG) obviate the need for surgical

removal and offer a potential advantage over PMMA and bone cement (34–37).

Calhoun and Mader (38) evaluated a polylactic acid and poly(DL-

lactide):co-glycolide combined with vancomycin in a localized Staphylococcus
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aureus osteomyelitic rabbit model. Bacterial colonies grown from the vancomy-

cin-polymer group were approximately 100 times lower than those of control

groups. Garvin and associates (39) showed that polyglycolide beads loaded with

gentamicin resulted in the effective treatment of tibial Staphylococcus aureus

osteomyelitis in a canine model.

d.) Fibrin sealant. Fibrin sealant consists of fibrinogen and thrombin

solutions, which generate a crosslinked fibrin clot in a process that mimics the last

stage of the physiological coagulation system. Fibrin sealants have been used

widely for hemostasis in Europe in the past two decades. In the 1990s they were

studied as a potential local delivery system for drugs such as antibiotics (40,41).

A fibrin sealant material impregnated with antibiotics may be better than

PMMA beads or other biodegradable polymers and intravenous antibiotics in a

variety of ways. First, fibrin is naturally present in damaged tissues, so a foreign

body response is unlikely. Second, fibrin sealant crosslinks to tissue, so local

delivery of antibiotics is ensured. Third, the fibrin material is reabsorbed by the

host’s natural fibrinolytic system and the soft tissue or bone defect gradually fills

with tissue, making surgical removal and reconstructions unnecessary.

The delivery of antibiotics by fibrin is through either dissolution of the

fibrin sealant or diffusion though the matrix, depending on the antibiotic-to-fibrin

ratio and the antibiotic used. Although the release rate varies with the antibiotic

used, several days of elution above the minimal inhibitory concentrations for the

most common pathogens have been found (42). Redl and colleagues (43) found

about 85% of the antibiotic content of fibrin seal clots was released within 72

hours. In a study of 46 patients treated with a cefotaxim-loaded fibrin sealant,

Zilch and Lambiris (44) reported the serum cefotaxim concentrations were low

and only identifiable for a period of 36 hours, and the wound drainage fluid

contained very highly effective antibacterial concentrations over 3.5 days. The

best clinical results were seen in cases of hematogenic osteomyelitis.

4. Safety

Serious adverse reactions including allergic reactions due to antibiotic-impreg-

nated cement or beads have not been reported, and adverse reaction rates are

lower than those among patients receiving systemic antibiotic treatment (45).

B. Bioimplants as Vehicles for Delivering Bone
Morphogenetic Protein and Other Bioactive Factors in
Bone and Soft Tissue Repair

Bone defects occur in clinical situations such as destruction by infection and after

débridement surgery. The reconstruction of the defect, which provides mechan-

ical integrity to the skeleton, is a critical step in the patient’s rehabilitation. In
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order to regain normal functional efficacy, the débrided tissue has to reproduce

the structure, composition, and physicochemical properties of native tissue. The

three components common to all tissue repair approaches are cells, bioactive

factors, and scaffolds.

The following are potential strategies for repair and regeneration: (1) the

scaffold alone can be implanted into a bone defect to direct and organize the

extrinsic repair response, host mesenchymal cells have to repopulate and attach to

the scaffold and differentiate into osteocytes; (2) delivery of bioactive factors with

scaffolds, which can incorporate BMP arid other bioactive factors to encourage

native cells to migrate into the defect area; (3) delivery of osteogenic cells with

scaffolds by harvesting osteogenic cells from biopsy specimens, expanding them

in culture, and attaching them to the scaffold before the implant is put into the

defect.

Bone morphogenetic proteins (BMPs) elicit new bone formation in vivo

and have great potential application in orthopedics to promote bone repair and

reconstruction (46). BMP molecules can be successfully synthesized by means of

deoxyribonucleic acid (DNA) recombination technology; a large amount of

recombinant human bone morphogenetic proteins (rhBMPs) can now be prepared

for clinical use as bone-graft substitutes. One major challenge is to define the

optimal delivery system for BMPs. In combination with biomaterials, these

proteins can be used in a clinical setting as bone-graft substitutes to promote bone

repair.

In general, the ideal carrier materials for BMP should have several specific

physical and biological properties. First, the materials should not be inflammatory

or cytotoxic because an intense inflammatory reaction impedes bone formation

by BMP. Second, they should be insoluble under physiological conditions in

order to retain the BMP molecules. Third, they should be absorbable by host

tissue so that they can be replaced by the newly forming bone in a few weeks after

implantation.

Several delivery systems for BMP are under investigation. Collagen from

animal sources has previously been the preferred carrier material in animal

experiments and in clinical trials (47). Other materials such as porous hydro-

xyapatite, b-tricalcium phosphate, and, more recently, synthetic biodegradable

polymers and fibrin have been tested as delivery vehicles for osteoinductive

agents such as BMP.

1. Absorbable collagen sponges as recombinant human bone
morphogenic protein carriers

Osteoinductive devices composed of biodegradable collagen scaffolds and

rhBMPs are being actively studied for local bone induction in the clinical setting.

An absorbable collagen sponge (ACS), reconstituted from bovine tendon and a
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collagen-based matrix and derived from demineralised guanidine-extracted

bovine bone, has been used for the delivery of rhBMP-2 and rhBMP-7,

respectively (48,49).

The first prospective randomized clinical trial (50) on a member of the

BMP family compared BMP-7 with fresh bone autograft in tibial nonunions. A

total of 122 patients with 124 tilbia nonunions were recruited in 18 centers in the

United States. The study showed that there was no statistically significant

difference in outcome between the two groups.

The advantage of collagen is that it is a natural component of bone, whose

degradation and degradation products can be mediated by physiological means.

The disadvantages of collagen as a delivery system include potential risk of

disease transfer and high immunogenic properties.

2. Ceramic for delivery of bone morphogenetic protein

The use of ceramics in bone repair applications is based on their structural

similarity to the mineral phase of bone. The two most commonly investigated

ceramics are b-tricalcium phosphate (b-TCP) and synthetic hydroxyapatite (HA).

These materials are osteoconductive by providing an appropriate open cell porous

structure on which osteoblasts can deposit bone.

3. Polymer delivery of bone morphogenetic protein

There are two characteristics that make polymers especially attractive for bone

repair. First, there is great design flexibility because polymer composition and

structure can be tailored to meet special needs. Second, the polymers are

biodegradable. Polymers can undergo hydrolysis on exposure to the body’s

aqueous environment, and they also degrade by cellular or enzymatic pathways.

The degradation rate is amenable to control by alteration in polymer properties

such as hydrophobicity and crystallinity. The most frequently, investigated

polymers, namely, poly(a-hydroxy esters), poly(lactic-co-glycolic acid) (PLLA),

poly(glycolic acid) (PGA), and poly(lactic-co-glycolic acid) (PLGA), are

approved for human use in the United States by the Food and Drug Adminis-

tration.

These polymers can serve as scaffolds by providing an appropriate three-

dimensional structure upon which osteoblasts grow and deposit bone extracellular

matrix. The polymeric materials may also serve as carrier vehicles for the delivery

of bioactive molecules.

Using a PLLA-PLGA delivery system, Johnson and coworkers (51)

delivered allogenous BMP to treat four patients with distal tibial metaphyseal

nonunions, all the patients were at the point of amputation as their next step in

management. All the nonunions healed within 5 months after this treatment.
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4. Fibrin delivery of bone morphogenetic protein

Human fibrin is relatively nonantigenic, angiotropic, and hemastatic and has

osteoconductive properties, thus it may be an ideal candidate for a good

biodegradable distributor and carrier for BMP (52). Fibrin stops intraoperative

bleeding and can establish a BMP concentration gradient in the area of growing

mesenchymal cells. Fibrin may stabilize BMP locally and improves contact

between BMP and surrounding cells. The angiotrophic properties of fibrin

stimulate sprouting of capillaries that accompany new bone formation. Fibrin

enhances cell proliferation of undifferentiated mesenchymal cells or precondro-

blasts preceding new bone formation.

C. Bioimplants as Scaffolds and Vehicles for Osteogenic
Cell Delivery

In addition to serving as a mechanical substrate, the bioimplant scaffold can

interact with other elements in a dynamic, synergistic manner to direct and

organize the process of regeneration. The transplantation of cultured autologous

chondrocytes and mesenchymal cells into bone defects is currently being done.

Alternatively, transplantation of a mixed biomaterial composed of chondrogenic

and osteogenic cells selectively distributed within polymeric scaffolds is possible.

Extensive evidence suggests that the three-dimensional synthetic polymers are

ideal candidates for bioactive scaffolds in bone engineering applications (53).

D. Biodegradable Implant Devices for Fracture Fixation

Until recently, internal fixation of fractured bones and joints has often been

managed by metal implants. The metallic implants often require removal through

a second operation after fracture healing has occurred. An absorbable implant,

lending sufficient strength and stiffness for support of the fracture during the

healing period, then gradually decays and shifts acting forces over to the healing

bone (54).

Extensive efforts have been made in the development of biodegradable

implants for fixation in both animal and clinical studies. Today, bioabsorbable

fixation devices have been in clinical use since the late 1980s, approximately 40

different biodegradable polymers, copolymers, and composites have been devel-

oped as substitutes for metal implants in internal fracture fixation (55). Repair of

displaced malleolar fractures in 56 patients with ASIF screws and plates was

compared with that with rods made of PLA-PGA. No major differences were

observed during a 1-year follow-up period (56). Reporting their experience of

more than 1000 operations using biodegradable materials, Peltoniemi and
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associates (57) concluded that the degree of osteogenesis achieved with these

materials is superior to that with metallic implants.

Bioabsorbable implants have many advantages: (1) Osteoporosis associated

with metallic implants can be prevented; (2) obviation of the need for a second

surgery to remove the implants results in financial as well as psychological

advantages; (3) biodegradable materials produce no artifact on computed tomo-

graphy (CT) or magnetic resonance imaging (MRI); (4) bioabsorbable implants

can be impregnated with osteoinductive cytokines and BMP, which accelerate or

facilitate tissue healing.

The main problem with biodegradable materials is that the mechanical

strength may weaken before bone healing occurs. Bioabsorbable implants have

only 50% of the tensile strength and about 15% of the rigidity of tempered steel

implants; however, their bending strength is nearly the same. Biodegradable

materials with better mechanical properties are currently under development (58).

Another complication of biodegradable implant fixation is the development of

sterile sinuses at the site of implantation.

III. ELECTRICAL STIMULATION

A. Background

Bone tissue has an electrically charged crystalline structure. In 1953, Fukada and

Yasuda (59) first reported on the electrical properties of bone. They found that

mechanically stressed bone generated an electrical potential and that areas of

active bone growth and repair were electronegative when compared with less

active areas. These observations led to the theory that electric currents help

control the formation and repair of bone. Clinical and laboratory experience

supports the theory that a relationship between bioelectricity and growth and

repair of bone and cartilage exists (60–62). Extensive investigations are ongoing

to delineate the relationship between bioelectricity and the cellular and molecular

processes underlying bone growth, remodeling, and wound repair.

Today, the Food and Drug Administration has approved a variety of electric

stimulation devices for clinical use in the United States. These devices are

categorized into three different types: (1) constant direct current stimulation using

percutaneous or implanted electrodes (invasive); (2) inductive coupling produced

by a magnetic field (noninvasive), and (3) capacitive coupling (noninvasive).

1. Direct current

Direct current is applied through electrodes implanted in the area to be

stimulated. The percutaneous direct current bone growth stimulator is partially

invasive, allows patient mobility, can be used with magnetic fixation devices, and
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can be monitored for proper function. However, it requires surgical placement,

cannot be used in the presence of infection, and is subject to breakage. The

implantable direct current bone growth stimulator is similar but is totally invasive.

2. Inductive coupling

Inductive coupling consists of applying a magnetic field across the area to be

stimulated by means of external coils. The magnetic field induces an electrical

field in the tissue between the coils. Inductive coupling is often referred to as

pulsed electromagnetic fields (PEMFs).

3. Capacitive coupling

Capacitive coupling is achieved by applying capacitor plates to the area to be

stimulated. As the plates become charged, they induce an electrical field in the

target tissues. This type of external stimulator is noninvasive and can be used in

the presence of infection, but it requires long, exact patient compliance.

B. Mechanisms of Action

Interest in the role of electrical interactions as epigenetic regulators of bone and

wound healing arose in the 1970s, but the mechanisms of action are still not fully

understood. Many studies have evaluated the effects on cellular behavior of

exposure to an electrical field. These investigations show that the application of

an electrical field can promote some important components of the wound healing

process, including angiogenesis, fibroblastic proliferation, collagen synthesis, and

epithelial cell migration (63,64). Studies using animals have demonstrated that

electrical stimulation increases both perfusion and healing rates of skin wounds

(65). The antimicrobial effects of electrical stimulation have been investigated by

several methods (66–68). Natural epithelial-derived sodium currents have been

discovered in the wounds of invertebrates and mammals. The messenger

ribonucleic acid (mRNA) for BMP-2 (68) and BMP-4 (69) is unregulated on

electrical stimulation. Differentiation of osteoblast and mineralization are

enhanced by electrical stimulation (70). These findings are summarized in

Table 3.

C. Clinical Applications

Bone stimulation has evolved with indications for use in a variety of pathological

bone conditions. Today, bone stimulators have been used to augment open

reduction with internal and external fixation. Additionally, the osteogenicity of

bone grafts has been assisted by the use of electrical stimulation. Bone stimula-

tion also assists in the healing of failed arthrodesis. More recently, the use of bone
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stimulators has shown promise in the treatment of osteoarthritis, osteonecrosis,

and neuropathic arthropathy.

1. Nonunion fractures

In the United States, approximately 5% to 10% of the 5.6 million fractures

occurring annually show some signs of delayed or impaired healing. This results

in an annual incidence of 150,000 to 200,000 nonunions in predisposed bones.

Management of nonunions requires careful and critical assessment of the

true biological status of the fracture. Using a direct current stainless steel

electrode, Friedenberg and associates (71) reported the first successful use of

electric treatment for a human nonunion fracture in 1971. The effectiveness of

electrical and PEMF stimulation for enhancement of bone healing has since been

reported by many authors. It is noninvasive, cost-effective, and free of complica-

tions. Success rates of up to 80% compare well with those of open surgical repair

(72,73). The long-term follow-up of fracture nonunions treated with PEMF

stimulation is superior to that of placebo (74). Percutaneous direct current

electrostimulation also proved to be a reliable and effective method of

managing the most common nonunions of the tibia or distal femur. It appears

to be less satisfactory for more proximal femoral fractures and fractures of the

humerus.

Table 3 Mechanisms of Electrical Stimulationa

Improvement in tissue perfusion

Increase in DNA synthesis

Upregulation of mRNA for BMP-2 and BMP-4

Upregulation of growth factor TGF, IGF-2

Oseoblast differentiation

Acceleration of biomineralization

Enhancement of angiogenesis

Promotion of fibroblastic proliferation

Increase in collagen synthesis

Promotion of epithelial cell migration

Inhibition of bacterial growth

aDNA, deoxyribonucleic acid; mRNA, messenger ribo-

nucleic acid; BMP, bone morphogenetic protein; TGF,

transforming growth factor; IGF-2, insulin-like growth

factor-2.
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2. Lumbar spinal fusion

The first clinical study on the efficacy of electrical stimulation as an adjunct to

lumbar spinal function was reported by Dwyer and Wickham (75) in 1974. Since

then, electrical stimulation has gained acceptance as a postoperative adjunct to

increase the rate of fusion for various lumbar spine disorders. A randomized

double-blind prospective study of pulsed electromagnetic fields for lumbar

interbody fusions was performed on 195 subjects (76). There was a 92% success

rate in the active group; the control group had a 65% success rate.

3. Cartilage repair

Certain electromagnetic fields have been shown to stimulate chondrocytes to

proliferate and=or increase synthesis of proteoglycans (77,78). Hyaline cartilage,
when stimulated with certain PEMFs, may elevate glycosaminoglycan content

and suppress degradation of existing glycosaminoglycan (79). Low-energy

alternating and direct current magnetic fields stimulate the metabolism of

articular cartilage, as measured by radiolabeled sulfate incorporation, coincidental

to calcium ion uptake by the cells (80). Extremely low frequencies (i.e., < 60Hz)

affect cell behavior through increased transcription (81) and enhanced DNA

synthesis (82).

4. Wound healing

Living tissues possess direct current surface electropotentials that regulate, at

least in part, the healing process. After tissue damage, a current of injury is

generated that is thought to trigger biological repair. In addition, exogenous

electrical stimuli have been shown to enhance the healing of wounds in both

human subjects and animal models.

A randomized, double blind multicenter study compared the healing of

chronic dermal ulcers treated with pulsed electrical stimulation with the healing

of similar wounds treated with sham electrical stimulation (83). After 4 weeks,

wounds in the treatment and control groups were 44% and 67% of their initial

size, respectively. The healing rates per week for the treatment and control groups

were 14% and 8.25%, respectively.

Gardner and colleagues (84) performed meta-analysis to quantify the effect

of electrical stimulation on chronic wound healing. Electrical stimulation was

most effective on pressure ulcers (net effect ¼ 13%). Findings regarding the

relative effectiveness of different types of electrical stimulation devices were

inconclusive. Although electrical stimulation produces a substantial improvement

in the healing of chronic wounds, further research is needed to identify which

electrical stimulation devices are most effective and which wounds respond best

to this treatment.
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5. Pain and arthritis

Constant magnetic stimulation may influence small C fibers and may preferentially

desensitize sensory neurons by modifying membrane potentials (85,86). Transcu-

taneous electric nerve stimulation was developed in the early 1970s and has since

become a useful physical therapy tool for acute and subacute pain. A 1998 pilot

study supported the use of magnetic footpads for painful diabetic peripheral

neuropathy (87), but larger studies are needed for validation of this finding (88).

The application of PEMF stimulation for the amelioration of osteoarthritis

pain is a relatively new area, which has been supported by several trials (89,90).

In a randomized trial, Zizic and associates (91) studied a pulsed electric device

used to treat 78 patients with chronic knee osteoarthritis. The treatment was

superior to placebo in reducing pain.

D. Safety

Most investigators believe that exposures to the low energy of magnets and brief

exposure to medical PEMF devices are safe. A 10-year, long-term follow-up

showed no evidence of adverse effects (92). Additionally, there was no evidence

that electromagnetic fields from power lines caused cancer (93).

Contraindications to the use of electrical stimulation include use of cardiac

pacemakers and concomitant use of metal-containing solutions, such as mercuro-

chrome. PEMF treatment should be avoided by patients known to have cancer

and pregnant women. Other contraindications include a gap greater than half of

the diameter of the bone. Direct current is contraindicated in active infection.

E. Limitations

Electrical stimulation does not alter limb length and alignment, and it does not

eliminate the need for stabilization of the nonunions or the ultimate need for

bone.

Continued technological improvement in all electrical stimulatory methods

should broaden their usefulness and applicability. However, critical evaluation

and clarification of indications are essential.

The healing status of the fracture and the processes by which each fracture

responds must be carefully assessed to appreciate what is being affected by

electrical stimulation.

IV. HYPERBARIC OXYGEN THERAPY

Hyperbaric oxygen (HBO) therapy is defined as a mode of medical treatment in

which the patient is breathing 100% oxygen intermittently at a pressure greater
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than 1 atmosphere. Treatment can be carried out in either a monoplace or a

multiplace chamber. The monoplace chamber accommodates a single patient and

the entire chamber is pressurized with 100% oxygen that the patient breathes

directly. The multiplace chamber holds two or more people (patients and support

personnel). The chamber is pressurized with compressed air while the patients

breathe 100% oxygen via a mask, head tent, or endotracheal tube.

A. Principles and Mechanisms

The blood transports oxygen in two different ways: chemically bound to

hemoglobin in erythrocytes and physically dissolved in plasma according to

Henry’s law. At normal atmospheric pressure, the oxygen in arterial blood is

almost entirely bound to hemoglobin, breathing 100% oxygen at 2 or 3 atmo-

spheres absolute, a significant proportion of arterial oxygen is in dissolved form.

An increased PO2 has a negligible impact on total hemoglobin oxygen content;

however, it does result in an increase in the amount of oxygen dissolved directly

into plasma. With 100% inspired oxygen, the amount of plasma oxygen increases

to 2.09% vol%; at 3 atmospheres absolute (ATA) the plasma contains 6.8%

oxygen.

Since the 1980s we have seen a clarification of its mechanism of action and

a greater understanding of its potential benefit. The potential mechanisms are

listed in Table 4.

B. Indications

There are only 19 indications for HBO use approved by the Undersea and

Hyperbaric Medical Society (UHMS) (94,95). In the field of orthopedics, HBO

alone or as adjunctive therapy has proved useful for refractory osteomyelitis,

infected and noninfected pseudoarthroses, slow bone healing or nonunion after

limb lengthening, and high-risk fractures. HBO therapy is also indicated in the

management of chronic limb ischemia, diabetic foot ulcers, and acute osteomye-

litis in critical locations such as the skull or sternum. Furthermore, there is an

indication to apply HBO to radiation-induced tissue injury (osteoradionecrosis,

soft tissue ulceration, fibrosis), crush injury, compartment syndrome, and other

acute traumatic ischemia. Finally, compromised skin, bone graft, or flaps and

excessive blood loss are also frequently treated with hyperbaric oxygen (Table 5).

These clinical indications were evaluated in a Consensus Conference of the

Undersea and Hyperbaric Medical Society that has classified its application

according to its efficiency. Indications were classified as strongly recommended

(positively affects the patient’s survival) recommended (does not influence the

patient’s survival=but is important for the prevention of serious disorders), and

optional (regarded as an additional treatment modality) (94).
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Table 4 Potential Mechanisms of Hyperbaric Oxygen Therapy in the Treatment of

Musculoskeletal Infection and Its Complications

Antimicrobial

Increased killing of leukocytes

Lethal effects to certain anaerobic bacteria, e.g., Clostridium perfringens

Inhibition of exotoxin production of alpha toxin and detoxification of oxygen-labile

extoxins of theta toxin of Clostridium perfringens

Potentiation of bactericidal activity of aminoglycosides and vancomycin

Tissue protection and healing promotion

Reduction of tissue edema

Preservation of intracellular adenosine triphosphate

Increase in flexibility of red blood cells

Enhancement of neovascularization

Stimulation of fibroblast growth

Increase in collagen formation

Promotion of more rapid growth of capillaries

Termination of lipid peroxidation

Promotion of wound healing in compromised wound

Prevention of adherence of polymorphonuclear leukocytes (PMNs) to damaged endothelial

cells

Osteogenesis

Acceleration of activity and rate of osteoinduction by recombinant human bone

morphogenetic protein-2 (rhBMP-2)

Enhancement of osteoclastic activity to remove bony debris

Enhancement of osteogensis and neovascularization to fill dead space with vasculary or

structurally sound bony tissue

Table 5 Indications for Hyperbaric Oxygen Therapy

Refractory osteomyelitis

Nonhealing wounds, diabetic foot ulcer

Osteoradionecrosis and radiation-induced soft tissue injury

Necrotizing fasciitis

Clostridial myonecrosis (gas gangrene)

Comprised transplants of bone or soft tissue (skin graft and flaps)

Excessive blood losss

Crush injury

Compartment syndrome and other acute traumatic ischemia
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C. Clinical Indications

1. Osteomyelitis

The term refractory osteomyelitis refers to lack of response despite adequate

surgical and antibiotic therapy. Factors including systemic and=or local compro-

mised host status are frequently associated with refractory osteomyelitis. Hyper-

baric oxygen can be used as an adjunctive treatment in chronic refractory

osteomyelitis along with appropriate antibiotics, surgical treatment, and nutri-

tional support.

The mechanisms of action of HBO in treatment of osteomyelitis are as

follows: (1) HBO raises the tissue oxygen tension in hypoxic tissue by providing

adequate oxygen tension that enhances the leukocyte killing mechanisms that are

oxygen-dependent through hydrogen peroxide and superoxide production. In

animals, the oxygen tension of infected bone increased from 23mmHg to

104mmHg in response to HBO at 2 ATA (96). Since the bactericidal activity

of leukocytes in vitro is directly related to local oxygen tension, transient reversal

of hypoxia may increase clearance of bacteria. (2) HBO enhances osteoclastic

activity to remove bony lesions. Optimal wound PO2 can also enhance osteogen-

esis or neovascularization to fill the dead space with vascularly or structurally

sound bone tissues. (3) HBO potentiates the action of aminoglycosides and

vancomycin in the killing of susceptible bacteria. Hyperbaric oxygen therapy has

been shown to enhance the activity of tobramycin in the eradiation of Pseudo-

monas aeruginosa from infected bone (97).

The Cierny-Mader system (98) (Table 6) can be used as a guide to

determine the types of osteomyelitis that may benefit from adjunctive hyperbaric

therapy. The patients are classified according to factors that may compromise

their healing, such as ‘‘A,’’ a normal host, or ‘‘B,’’ a compromised host (Table 6).

Adjunctive HBO is generally reserved for treatment of advanced stages of

osteomyelitis (3B and 4B) (99,100). Patients are generally treated at 2.0 to 2.5

ATA abs for 90–120 minutes per day and receive 20–40 treatments.

The results of multiple open clinical trials suggest a beneficial effect of

the addition of adjunctive hyperbaric oxygen to usual osteomyelitis treatment

regimens, whereas other clinical studies (101) have not demonstrated such a

benefit. Chen and associates (102) present the preliminary results of adjunctive

hyperbaric oxygen therapy for patients with refractory osteomyelitis. Fifteen

patients who were diagnosed with refractory tibia osteomyelitis were treated

prospectively with adjunctive hyperbaric oxygen therapy, aggressive surgical

débridement, and parenteral antibiotic treatment. Successful treatment was

achieved in 13 patients (86%) during an average follow-up of 17.2 months.

Davis and coworkers (103) studied 38 patients with chronic nonhematogenous

osteomyelitis treated by local débridements of the wound, parenteral administra-

tion of antibiotics, and daily treatments with hyperbaric oxygen. Hyperbaric
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oxygen appeared to prolong the infection-free interval of patients with chronic,

nonhematogenous osteomyelitis.

Regrettably, there have been no randomized, prospective double-blind

studies of patients with chronic refractory osteomyelitis. The many clinical

Table 6 Cierny and Mader Classification System of Osteomyelitisa

Anatomical class

Stage 1 Medullary

Stage 2 Superficial

Stage 3 Localized

Stage 4 Diffuse

Physiological class

A Host: Normal host

B Host: Systemic compromise (Bs); local compromise (Bl)

C Host: Treatment worse than disease

Systemic or local factors that affect immune surveillance, metabolism, and local

vascularity

Systemic (Bs)

1Bs. Malnutrition

2Bs. Renal, liver failure

3Bs. Diabetes mellitus

4Bs. Chronic hypoxia

5Bs. Malignancy

6Bs. Extremes of age

7Bs. Immune disease

8Bs. Immunosuppression or immune deficiency

9Bs. Asplenic patients—functional asplenia and sickle cell disease

10Bs. HIV=AIDS
11Bs. IVDA

12Bs. ETOH

13Bs. Tobacco abuse

Local (Bl)

1Bl. Chronic lymphedema

2Bl. Venous stasis

3Bl. Major vessel compromise

4Bl. Arteritis

5Bl. Extensive scarring

6Bl. Radiation fibrosis

7Bl. Small vessel disease

8Bl. Neuropathy

aHIV=AIDS, human immunodeficiency virus=acquired immunodeficiency syndrome; IVDA, intrave-

nals drug abuse; ETOH, alcohol abuse
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variables involved in osteomyelitis make clinical studies difficult to design and

evaluate. Significant variables include different infected bone sites, different

organism, and different antibiotics. Additional variables include the routes of

antibiotic administration, duration of antibiotic treatment, amount of bone

penetration by the antibiotic(s), type of surgery, adequacy and timing of

débridement, dead space management, and status of adjacent soft tissue. Clearly,

more clinical research is needed to address this question, despite the research

design problems inherent in the osteomyelitis population.

2. Wound healing

Problem wounds are the most frequent entity treated with hyperbaric oxygen

therapy in United States. Problem wounds are those that do not respond to

established medical and surgical management. These wounds usually develop in

compromised hosts with multiple local and systemic factors contributing to

inhibition of tissue repair. These include diabetic foot ulcers, compromised

amputation sites, nonhealing traumatic wounds, and vascular insufficiency ulcers.

Common causes of the nonhealing of diabetic foot ulcers are infection

and=or ischemia. In a hypoxic environment, wound healing is halted by decreased

collagen production, capillary angiogenesis, and impaired oxygen-dependent

intracellular leukocyte killing. Physiologically, HBO appears to have the potential

to enhance wound healing. HBO increases oxygen diffusion and reverses tissue

hypoxia. It appears to promote neovascularization and increase granulation tissue

formation. In addition, HBO can modify the cellular functions of the activated

neutrophil, resulting in increased oxidative microbial killing and decreased

neutrophil-endothelial adhesion. HBO also upregulates platelet-derived growth

factor receptor messenger RNA activity. All of these physiological activities may

help optimize wound healing.

The heterogeneity of diabetic foot ulcers contributes to the confusing role

of HBO as a treatment modality. Neuropathic foot ulcers with adequate blood

supply can be healed relatively easily with appropriate wound care and off-

loading without the need for HBO. Ischemic ulcer healing, however, may be

enhanced by HBO. In particular, patients with nonhealing ischemic ulcers with

vascular lesions not amenable to angioplasty or vascular surgery who wish to

avoid amputation may benefit from HBO. Transcutaneous oxygen tension

assessment of the involved extremity may help identify appropriate candidates

for HBO by documenting low oxygen tensions in the area of the ulcer.

Multiple anecdotal reports and retrospective studies of HBO therapy in

diabetic patients suggest that HBO can be an effective adjunct in the management

of diabetic wounds. Prospective studies also show the beneficial effects of HBO.

Of the seven published studies pertaining to the diabetic foot, only two were

randomized, controlled clinical trials. One of the prospective, randomized,
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controlled studies reported significantly fewer major amputations for the HBO

group, but only among patients with Wagner grade IV lesions (104). There was

no statistical difference in minor amputations between the HBO and control

groups; nor was there a difference in major amputation among the less severe

Wagner ulcer classification groups. The second prospective, randomized,

controlled study reported significantly fewer major amputations in the HBO

group than in the standard treatment control group (105). There was no difference

in length of hospitalization or the number of minor amputations between the

groups.

The Fourth Consensus Conference of the European Committee in Hyper-

baric Medicine concluded, ‘‘Further controlled studies should be carried out to

obtain more precise data on HBO before widely implementing this therapy in

patients with diabetes.’’ Given the limited evidence of positive results in select

groups of patients with severe wounds, additional randomized clinical trials are

warranted. In the clinical setting, HBO treatment is considered inpatient therapy

for Wagner III–V lesions that do not respond to conventional treatment (106).

Patients are generally treated at 2.0 to 2.5 ATA abs for 90–120 minutes per day

and receive 20–30 treatments.

3. Necrotizing fasciitis

Necrotizing fasciitis is a severe, fulminant infection most commonly encountered

in patients with diabetes mellitus, alcohol abuse, and intravenous drug abuse. The

infection can spread, unrecognized, along fascial planes beneath seemingly

normal skin. The relatively benign appearance of the extremity is misleading

and often results in a delay in diagnosis and increased morbidity or death.

Necrotizing fasciitis is rapidly progressing synergistic bacterial infection with a

reported mortality rate of 38% (107). The progressing necrosis is usually

associated with edema and an occlusive arteritis. Immediate aggressive surgical

débridement in combination with antibiotic therapy is necessary for control of

these limb- and life-threatening soft tissue infections. HBO is frequently used as

adjunctive therapy.

Oxygen, at increased pressures, augments tissue oxygen partial pressure,

allowing increased bacterial killing by providing substrate for the formation of

oxygen free radicals and augmenting the respiratory burst. During the healing

process, hyperoxia causes increased formation of capillaries for oxygen, nutri-

ents, and antibiotic delivery, leading to increased efficacy of some antibiotics in

the high-oxygen environment and possibly more rapid overall wound healing.

Although there are no randomized trials of HBO in these infections, in vitro data

and meta-analysis of clinical cases strongly support the use of HBO.

Riseman and colleagues (108) described 29 patients with necrotizing

fasciitis; 12 received surgical treatment and antibiotics only and the other 17
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patients received HBO in addition to débridement surgery and antibiotics. The

groups were similar in age, sex, microbiological characteristics, and antibiotic

treatment. However, the HBO group was more severely ill, having more perineal

involvement (53% versus 12%), more shock (29% versus 8%), and more diabetes

(47% versus 33%). Mortality rate was 23% in the HBO group versus 66% in the

non-HBO group.

Patients generally received 5 to 30 treatments at 2.0–2.5 ATA abs for

90–120 minutes.

4. Gas gangrene

Gas gangrene, or clostridial myonecrosis, is commonly encountered in extremity

wounds that involve devitalized or necrotic soft tissues. Infection with Clostri-

dium perfringens in devitalized tissue is the most common cause of infectious

myonecrosis. Clostridial microorganisms are anaerobes that produce local and

systemic toxins. Wide surgical débridement and appropriate antibiotic therapy

remain the standard of care. However, the addition of hyperbaric oxygen therapy

to standard management has been shown to have a synergistic effect in reducing

morbidity and mortality rates in both canine and murine models. HBO induces

high oxygen partial pressure in all tissues, but it is possible to achieve levels high

enough to be lethal to some anaerobic bacteria such as Clostridium perfringens.

HBO also has an antiedema effect, causes activation of fibroblasts and macro-

phages, and stimulates angioneogenesis. Although no prospective human data are

available, retrospective data indicate that concomitant hyperbaric oxygen therapy

has resulted in a twofold reduction in mortality rate (109).

D. Side Effects

Hyperbaric oxygen therapy is generally safe and well tolerated. Table 7 lists the

most common side effects associated with hyperbaric oxygen therapy. Most side

Table 7 Common Side Effects

of Hyperbaric Oxygen Therapy

Barotrauma

Middle ear

Sinus squeeze

Oxygen toxicity

Pulmonary symptoms

Neurological symptoms

Miscellaneous

Claustrophobia

Myopia

Cataract
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effects are mild and reversible, but some severe consequences can occur in rare

cases.

Middle ear barotrauma is the most common side effect of hyperbaric

therapy. A review of 14,446 patients with 31,599 exposures showed an incidence

of barotrauma of approximately 2% (110). It can be prevented in most patients by

teaching autoinflation techniques or by use of typanostomy tubes for those who

cannot autoinflate their middle ear compartment. Patients with a history of

eustachian tube dysfunction may have serious otitis media.

The second most common complication of hyperbaric therapy is sinus

squeeze. This occurs less frequently than middle ear barotraumas and usually

occurs in patients with upper respiratory tract infections or allergic rhinitis.

Claustrophobia, which appears to be present in about 2% of the general

population, may cause some degree of confinement anxiety, even in a multiplace

chamber. Mild sedation is often initially required for these patients to continue

with daily hyperbaric oxygen treatment.

Progressive myopia has been observed in some patients undergoing

prolonged periods of daily hyperbaric treatment. Although the exact mechanism

remains obscure, it is apparently lenticular in origin and usually reverses

completely within a few days to several weeks after the last therapy. Development

of cataracts has been reported in patients receiving more than 150 treatments.

Pulmonary and neurological manifestations of oxygen toxicity are often

cited as major concerns. Seizures are seen in 1.3 per 10,000 patient treatments.

Hyperbaric oxygen treatment may contribute to oxygen toxicity seen in

critically ill patients who receive high concentrations of inspirited oxygen

between hyperbaric treatments. Pneumothorax is a rare complication of hyper-

baric treatment, usually occurring only in patients with severe lung disease. Air

embolism, which presumably results from a small tear in the pulmonary

vasculature, is also a rare complication. No evidence of tumorigenic effects has

been found with hyperbaric oxygen therapy.

Untreated pneumothorax is an absolute contraindication to hyperbaric

therapy. Concurrent therapy with doxorubicin, cisplatinum, and disulfiram is

also contraindicated. Other conditions such as low seizure threshold, high fevers,

emphysema with CO2 retention, upper respiratory infections, and congenital

spherocytosis are considered relative contraindications for HBO therapy. These

relative contraindications can be mitigated with medications.

V. SUMMARY

Musculoskeletal infections are of considerable clinical importance. Definitive

therapy requires a combination of a wide range of multidisciplinary interventions

including medical, surgical, and adjunctive therapies.
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Extensive investigations have been done to develop a biodegradable

implant impregnated with antibiotics as an adjunct to current therapy for

musculoskeletal infections. Findings from case reports and recent clinical trials

suggest that interventions that combine conventional approaches and bioimplants

have a clinically significant impact in reducing complications and improving

outcomes for musculoskeletal infections or their complications such as chronic

osteomyelitis. Recently developed biodegradable polymers with a slow degrada-

tion process and longer stability are increasingly used and have shown lower

complication rates. These new materials are playing an increasingly important

role as an adjunctive therapy for musculoskeletal infections.

Electrical stimulation is a proven effective modality for delayed or

nonunion fractures, spinal fusions, cartilage repair, and wound healing with

potential clinical application for osteoarthritis, osteonecrosis of bone, and

osteoporosis. Static magnets may provide temporary pain relief under certain

circumstances. On the basis of clinical studies, electrical stimulation appears to be

a promising adjunctive treatment for bone and joint disorders.

Hyperbaric oxygen therapy has shown its beneficial effects in several areas

of musculoskeletal disorders, including refractory osteomyelitis, chronic limb

ischemia, diabetic foot ulcers, radiation-induced tissue injury, crush injuries,

compartment syndromes and other acute traumatic ischemia, compromised skin,

bone grafts and flaps, and excessive blood loss. Although numerous clinical

reports and trials demonstrate the effectiveness of hyperbaric oxygen therapy,

more clinical research and better controlled trials are needed to delineate the

clinical effectiveness and benefits of hyperbaric oxygen therapy in each individual

disease entity. HBO therapy should be used in conjunction with an aggressive

multidisciplinary protocol and should not be substitutive, but additional, to other

therapeutic procedures.
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I. INTRODUCTION

Management of bone defects and chronic wounds resulting from musculoske-

letal infection can be very challenging. Bone defects, caused by open fractures

or destruction through chronic osteomyelitis, frequently require multiple-stage

surgical procedures to achieve adequate union. Traditional methods used to

repair bone defects are mechanical stabilization, medical treatment, bone

grafting with autogenous cancellous bone, and use of alloplastic=synthetic
devices. Every year, 450,000 surgical bone grafts are performed in the United

States alone; 5% to 10% of these result in delayed or impaired healing (1).

Various problems are associated with these procedures, including donor site

morbidity, loss of function, and a limited blood supply (2). Chronic non-

healing wounds also present a challenge to the orthopedic physician. It is

estimated that at any given time, approximately 1.5% of the population has a

chronic wound that requires treatment (3). Chronic wounds are often compli-

cations of chronic illness such as diabetes, connective tissue disease, vascular

insufficiency, or peripheral neuropathy. More than 4% of the population, or 16
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million people, in the United States have diabetes. Among them, in 15% a

foot ulcer will develop at some point of their lifetime. The social and

economic burden and effect on the individual patient’s quality of life are

enormous.

Normal wound repair requires both promotion of the healing process and

proper regulatory controls to prevent aberrant wound healing (4,5). Normal

wound healing initially consists of the accumulation of fibrin and platelet

degranulation; the latter process results in the release of large quantities of

platelet-derived growth factor (PDGF), transforming growth factor b (TGF-b),
epidermal growth factor (EGF), and insulin-like growth factor-1(IGF-1) into the

wound environment. Additionally, neutrophils and macrophages accumulate

during the inflammatory phase of wound healing; the latter cell type secretes

more TGF-b, basic fibroblast growth factor, and vascular endothelial growth

factor (VEGF). These growth factors stimulate proliferation of fibroblasts and

endothelial cells. Fibroblasts and other representative cells accumulate at the

injury site and contribute to synthesis and secretion of extracellular matrix (ECM)

components. The process of early repair in normal wound healing results from the

transient expression of growth factors from different cell types. If the production

of these growth factors by resident and migrating cells into the wound site

remains in balance, normal tissue repair ensues. This early tissue repair process is

normally followed by the production and activation of protease, decreased

synthesis of protease inhibitors, tissue maturation, remodeling, and reorganiza-

tion.

The normal response to injury is a timely and orderly process that results in

the restoration of anatomical and functional integrity (6). In chronic wounds and

nonunions, the healing process is prolonged and incomplete, proceeding in an

uncoordinated manner and resulting in a poor anatomical and functional outcome

(7). Lack of cellular and molecular signals required for the normal wound repair

process, such as resolution of inflammation, angiogenesis, deposition of extra-

cellular matrix, contraction, epithelialization, and remodeling, are major contri-

buting factors to poor wound healing and nonunion. Cytokines, especially growth

factors, provide many of the cellular and molecular signals necessary for tissue

repair and healing.

This is an exciting time for clinicians interested in treating patients with

bone defects and chronic nonhealing wounds. In the past 10 years, in addition to

current treatment modalities (including surgical débridement, meticulous wound

care, hyperbaric oxygen, and electrical stimulation), several novel biotechnology-

based treatment modalities (in vivo delivery of growth factors=cytokines or the

replacement of damaged tissue by transplantation of in vitro expansion of

endogenous cells) have been shown to improve outcomes of nonhealing

wounds and defects. In 1999, the United States Food and Drug Administration

(FDA) approved recombinant human platelet–derived growth factor (rhPDGF)
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(8) and a skin substitute (Graftskin) (9) for the treatment of diabetic foot ulcers

and chronic wounds. In recent years, the effort has involved the use of a gene

therapy approach. We can now intervene in wound and bone healing at the

deoxyribonucleic acid (DNA) level. This chapter reviews the advances in

musculoskeletal tissue repair at the nongene level (biologically based) and at

the gene level (gene therapy).

II. BIOLOGICAL (NON-GENE-BASED) APPROACH TO
WOUND REPAIR

Fetal tissue injury is healed by tissue regeneration, whereas the adult repair

process is guided by inflammation-induced scar formation. Knowledge of the

cellular and molecular events associated with bone and soft tissue healing has led

to efforts to seek biological alternatives to synthetic materials, notably, seeding

wounds or bridging bone gaps with in vitro expanded cells or the addition of

growth factors involved in tissue repair and regeneration.

A. Local Delivery of Growth Factors

1. Osteoinduction with bone morphogenetic proteins

In 1965, Urist (10) first showed that the demineralized matrix of a bone graft was

capable of induction of de novo bone formation. Since then, there has been an

ongoing effort to develop an ideal osteoinductive bone graft substitute. In

purifying the active component of the demineralized bone graft, researchers

discovered a family of regulatory molecules known as bone morphogenetic

proteins (BMPs). Fifteen BMPs have been identified since the early 1990s (11)

(Table 1). These proteins have been produced in highly purified form through the

use of recombinant DNA technology.

The mechanisms of BMP regulation of growth and differentiation are

currently under extensive investigation (12,13). BMPs, together with other

cytokines and matrix components, induce a cascade of chemotaxis, migration,

proliferation, and differentiation of mesenchymal stem cells. Undifferentiated

mesenchymal cells migrate to the implanted site by chemotaxis, undergo mitosis,

and are condensed in regions. Chondroblasts derived from mesenchymal cells

secrete extracellular matrix to form a cartilaginous template. The hypertrophied

cartilage and the extracellular matrix are vasculized by hematopoietic and

endothelial cells. Osteoblasts and osteoclasts appear locally and cartilage is

reabsorbed and replaced by bone.

Local application of these growth factors to fractures or to the sites of

segmental bone defects may stimulate fracture repair and minimize the rate of

nonunion. Delivering BMPs to the fracture site with a carrier matrix such as
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collagen or hypdoxyapatite matrix stimulated new bone formation and acceler-

ated bone formation and fracture union in an animal model (14–18). Numerous

human studies, with encouraging results, involving spinal fusion, long bone

defects, selected fracture repair, craniomaxillofacial disease, and periodental and

dental disease, have also been reported.

In 1988, Johnson and associates (19) used endogenous human BMP to

supplement autogeneic cancellous grafts in the successful healing of six traumatic

segmental 3 to 17-cm-long tibial defects in humans. Geesink and colleagues (20)

performed a prospective, randomized double-blind study of 24 patients under-

going high tibia osteotomy evaluating the effectiveness of rhBMP-7=type I

collagen carrier composite in a critical size fibula defect.

There was no significant new bone formation in the collagen-alone group,

whereas in the rhBMP-7=type I collagen group, all patients except one showed

new bone formation after 6 weeks.

Table 1 Bone Morphogenetic Proteins and Their Potential Biological Function

Bone morphogenetic proteins (BMPs) Potential function

BMP-1 Metalloproteases=procollagen C proteinase

BMP-2 (BMP-2A) Cartilage and bone morphogenesis,

inhibiting effects of myogenic effects of

other factors

BMP-4 (BMP-2B) Cartilage and bone morphogenesis

BMP-3 Bone formation

BMP-3B (GDF-10) Bone membrane

BMP-5 Bone morphogenesis, initiation of formation

of particular skeletal elements

BMP-6 Cartilage hypertrophy, bone induction in

rats, regulation of differentiation of

primary skin keratinocytes, possible

neurotropic factor

BMP-7 (osteogenic protein 1) Bone differentiation, neurogenesis,

tubulogenesis

BMP-8 (osteogenic protein 2) Bone formation

BMP-9 Bone induction in rats, possible regulatory

role in hepatic growth and function

BMP-10 Bone induction in rats

BMP-11 (GDF-10) Bone induction in rats

BMP-12 Inhibition of terminal myoblast

BMP-13 Ectopical induction of tendon and ligament

in rats, inhibition of terminal myoblast

BMP-14 Ectopical induction of tendon and ligament

in rats

(GDF-10): growth=differentiation factor-10
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2. Growth factors and wound healing

Several lines of evidence suggest that growth factors such as PDGF, EGF,

fibroblast growth factor (FGF), and TGF, which are found in abundance in

injured or inflamed skin, play a critical role in bone and soft tissue healing (Table

2). These growth factors promote cell proliferation, differentiation, angiogenesis,

and matrix synthesis by smooth muscle cells, fibroblast cells, chondrocytes, and

osteoblasts. The first two cell types and second two are largely responsible for

wound repair and formation of fracture callus, respectively. Wound fluid studies

have shown decreased levels of growth factor concentration in chronic wounds

(21). Circulating levels of growth factors as well as bone mineral density are

decreased with age. Administering growth factors increases bone turnover in

patients with low mineral density (22). On the basis of the demonstrated

Table 2 Growth Factors and Wound Healing

Growth factor Cell source Biological function

TGF-a Platelets, macrophages,

keratinocytes

Activation of neutrophils,

fibroblast mitogen, stimulation

of angiogenesis

TGF-b Platelets, macrophages,

lymphocytes

Stimulation of fibroplasia and

angiogenesis; induction of

proliferation of many different

cells

PDGF Platelets, macrophages,

keratinocytes, endothelial cells

Induction of proliferation,

chemotaxis, matrix synthesis

for smooth muscle cells and

fibroblasts

FGF Macrophages, neural tissue,

nearly ubiquitous

Stimulation of endothelial cell

growth, mitogen for

mesodermal- and

neuroectodermal-derived cells

KGF Keratinocytes, fibroblasts Epithelialization

EGF Platelets, keratinocytes, salivary

gland

Mitogen for keratinocytes,

endothelial cells, and

fibroblasts

IGF Liver Stimulation of fibroblasts and

smooth muscle cells,

lymphocytes, chondrocytes

NGF Neuron Keratinocyte proliferation and

vascular neoangiogenesis

aTGF, transforming growth factor; PDGF, platelet-derived growth factor; FGF, fibroblast growth factor;

KGF, keratinocyte growth factor; EGF, epidermal growth factor; IGF, insulin-like growth factor; NGF,

neuronal growth factor.
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deficiency of growth factors in chronic wounds and the successful reversal of

impaired healing in many animal models by application of various growth factors,

a series of clinical trials evaluating healing has been performed using exogenous

application of growth factors in an attempt to accelerate wound healing.

Currently, only recombinant growth factor PDGF has been approved by the

FDA for use in the treatment of diabetic foot ulcers and chronic nonhealing

wounds (23–25). Clinical trials of other growth factors such as FGFb and

keratinocyte growth factor (KGF) in wound healing are ongoing in order to

establish appropriate dosages and vehicles and to ascertain which cytokines alone

or in combination will optimize the wound healing process.

B. Cell Transplantation

1. Mesenchymal stem cell–based implants for bone defect
repair

Multipotential marrow stromal cells (MSCs) were discovered by Friedenstein

and colleagues in 1966 (26). They established that cells that are adherent,

clonogenic, nonphagocytic, and fibroblastic can give rise, under appropriate

experimental conditions, to a broad spectrum of fully differentiated connective

tissues, V including cartilage, bone, adipose tissue, fibrous tissue, and

myelosupportive stroma. MSCs from mice, rats, rabbits, and humans readily

differentiate into colonies of osteoblasts, chondrocytes, and adipocytes in

response to dexamethasone, 1,25-dihydroxyvitamin D3, or cytokines such as

BMP-2 (27).

Because MSCs are thought to be the source of osteoblastic cells during the

process of normal bone growth, remodeling, and fracture repair, an approach was

developed to transplant MSCs directly into the site in need of bone augmentation.

Locally injected MSCs were shown to promote repair of surgical incisions in the

knee cartilage of rabbits, and MSCs in ceramic beads were shown to promote

bone healing in an animal model (28–34). This approach is particularly attractive

for patients who have fractures that are difficult to heal or patients experiencing a

decline in their repository of MSCs as a result of age, diabetes, or other

pathological conditions (35,36).

Several investigators have reported their results in human studies (37,38).

The combination of MSCs with a porous hydroxyapatite–tricalcium phosphate

implant material appears to be an effective strategy for healing of large osseous

defects (39). Alternatively, growth factors such as BMP, TGF, or IGF-1 may be

coadministered with MSC-based implants (40). Composite implants of bone

marrow cells with endogenous and recombinant BMPs have been shown to

augment bone healing over bone marrow cells or BMPs alone in calvarial defects

in dogs (41), rats (42), and critical-sized femoral defects in rats (43).
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2. Autologous cell approach to wound healing

Ideal skeletal reconstruction depends on the regeneration of normal tissue that

results from initiation of progenitor cell activity. Practical methods are currently

being investigated to amplify in vitro cultivation of the appropriate autologous

cells to aid skeletal healing and repair. Current cell therapy procedures include the

use of tissue cultured skin cells (4) for the treatment of nonhealing ulcers. The

application of autologous fibroblasts and autologous keratinocytes is being

investigated.

The FDA has approved graftskin for the treatment of diabetic foot and

nonhealing ulcers. Graftskin (Apligraft) is a bilayered skin substitute, prepared by

an organotypic culture of skin derived from human neonatal keratinocytes layered

over human neonatal epidermal and dermal fibroblasts embedded in a collagen

matrix (9). Graftskin was found to integrate rapidly with mouse tissue containing

living normal cells (45). In an open-label, multicenter study of 112 patients with

diabetic plantar neuropathic ulcers, 56% had complete healing achieved within 12

weeks (9).

III. GENE-BASED THERAPY IN MUSCULOSKELETAL
REPAIR

A. Overview

Local application of exogenous cytokines, such as PDGF, IGF, TGF, and BPMs,

has been shown to modulate wound and bone healing in both animal studies and

human clinical trials (46). However, routine clinical use of topically applied

cytokines can be limited by a short half-life, inefficient delivery to target cells,

need for repeated application to achieve a therapeutic effect, and high manufac-

turing cost of pure proteins.

Direct introduction of growth factors to cells in the bone repair site by gene

therapy (47,48) is another area undergoing extensive investigation. The basic

concept of gene therapy is to reprogram wound repair cells by introducing a

therapeutic gene whose expression can lead to a transient advantage for tissue

growth and regeneration. Gene therapy of musculoskeletal defects is usually

achieved by delivery of a gene into those cells involved in the healing process. It

should be possible to engineer the synthesis and delivery of a specific therapeutic

protein into the wound or surgical site and to achieve therapeutic levels of growth

factors and cytokines locally at physiological levels for a sustained period. This

process may enhance the therapeutic benefit of wound-healing agents and create

environments that shift the balance from tissue destruction to tissue repair and

facilitate a more significant healing response. Moreover, these delivery systems
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may deliver their products in a more biologically active form than that achieved

by the exogenous application of recombinant proteins.

B. Gene Delivery

Gene therapy can be accomplished by an in vivo or ex vivo approach. Ex vivo

gene therapy can be used to target cytokine expression to a specific cell type by

genetically modifying cells grown from a biopsy specimen in culture. These cells

can subsequently be transplanted to wounds as grafts or as components of

composite cultured cell replacement. Although time-consuming, the ex vivo

approach has several advantages over in vivo gene delivery. For example, if

autologous cells are used, the graft can persist for years after transplantation and

allow for extended expression of the transfected gene. In addition, the expression

of transfected genes can be assayed before transplantation of the modified cells

and the number and location of the modified cells can be more tightly regulated

than by the in vivo approach.

Alternatively, an in vivo approach delivers the DNA encoding a particular

cytokine directly to the wound, fracture, or other desired site by either injection or

topical application methods. Compared with other tissues, the musculoskeletal

system is easily accessible for in vivo gene therapy. The advantage of this

approach is simplicity, allowing localized exposure of the target tissue and a

reduced risk of systemic side effects. In addition, harvesting and reimplantation

are not necessary.

The extent to which gene therapy is effective on musculoskeletal disease is

the direct result of several key factors: (1) selection of the appropriate target cell

or tissue for gene delivery, (2) high efficiency of the gene delivery system, and (3)

appropriate expression, regulation, and stability of the gene therapy product(s).

In a successful gene therapy, the expression of a transferred gene has to

reach and sustain a certain level of activity to achieve its therapeutic purpose. The

level and timing of the gene’s expression within target cells should be reversibly

controlled, by a pharmacological agent, for example. The therapeutic dosage can

be finely tuned as the disease or tissue repair evolves and stopped when it is no

longer needed.

C. Vector System

Avector is the vehicle used to introduce the gene into the target cells. There are a

number of viral and nonviral vectors available for transferring genes to surgical

injury or wound sites. Low-virulence viruses are usually used because of their

high efficiency in transferring nucleic acid. Several types of viruses, including

retroviruses, adenoviruses, adeno-associated virus (AAV), and herpesvirus, have

been modified in the laboratory for use in gene therapy application in musculo-
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skeletal disorders (49–53). Nonviral vectors, based on plasmid DNA produced in

bacteria and often complexed with lipids, are also being used (54–57). The

properties of commonly used vectors are summarized in Table 3.

1. Viral vectors

a.) Retroviruses Retroviruses are single-stranded ribonucleic acid (RNA)

viruses that consist of 50 and 30 long-terminal repeat sequences and structural

genes. When the recombinant virus infects a target cell, it integrates into the host

genome and expresses viral genes as well as the transgene. It offers a means for

stable transformation and can potentially provide long-term expression of a

therapeutic gene within tranfected cells. Defective retroviral vectors cannot

undergo subsequent replication. The advantage of these vectors is that genetic

construction is not complex, and they elicit little host immune response.

Disadvantages include low target-cell selectivity and integration only into actively

dividing cells. Because of their ability to integrate into chromosomes in a random

fashion, they can potentially induce insertional mutagenesis and potentially

transform target cells, although the probabilities are quite low. Currently,

approximately 37% of gene therapy clinical studies are based on retrovirally

mediated gene transfer.

b.) Adenoviruses. Adenoviruses contain a double-stranded DNA core

protein complex surrounded by a protein capsid. The adenoviral genome is

transcribed in two major stages. The early phase precedes DNA replication and

the late phase starts 6–8 hours later. Adenoviral vectors are constructed with

deletion of the El genes that render the virus replication-deficient and thus

eliminate the possibility of transforming host cells. The E1-deleted adenoviral

vector is propagated in 293 cells that contain a stably integrated segment of the

adenoviral genome that provides El function. Adenoviral vectors have advan-

tages, including high efficiency of transfection of both dividing and nondividing

cells and larger package capacity. The viral genome does not integrate into host

chromosome and remains episomal. Adenoviral vectors may be engineered to

Table 3 Characteristics of Commonly Used Viral Vectors in Human Gene Therapya

Vector Genome Packing size Duration Comments

Retrovirus ssRNA 8–10 kb Extended Requirement for dividing cells

Adenovirus dsDNA 7–8 kb Transient Transduction of wide range of cells

HSV dsDNA 35 kb Extended Neurotoxicity

AAV ssDNA 4–5 kb Extended Excellent duration in some tissues

assRNA, single-stranded ribonucleic acid; ds, double-stranded deoxyribonucleic acid; HSV, herpes

simplex virus; AAV, adeno-associated virus.
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infect specific cells. Adenoviral vectors are very effective for both in vivo and ex

vivo gene transfer. They are especially effective for in vivo gene transfer to skin

wounds, and high levels (up to microgram quantities) of therapeutic protein can

be achieved in the wound microenvironment. Adenoviral vectors account for 20%

of human gene therapy trials. The major disadvantage of adenoviral vectors is that

they induce antiviral immune responses, which often limit gene expression in

vivo. Attempts at rechallenging an immunocompetent host with an adenoviral

vector may result in diminished transgene expression.

c.) Adeno-associated viral vector. Adeno-associated virus (AAV) vector

is a nonpathogenic virus that infects approximately 80% of the human population.

It is a single-stranded DNAvirus with a genome size of 4.7 kb. AAV particles are

physically stable and small (2025 nm), implying that vector particles can

transverse tissue barriers with relative ease. Given AAV’s broad spectrum of

host cells, including both dividing and nondividing cells, and its site-specific

integration on human chromosome 19q13.3, it can achieve long-term gene

expression. Deletion of the AAV coding sequences from a rAAV vector prevents

the generation of wild-type help virus and eliminates the possibility of an immune

response to viral gene products. In initial attempts, the administration of rAAV

into human subjects appears safe, with no evidence of germline transmission,

local tissue toxicity, or immune system perturbation. The major disadvantages of

AAV vectors is their limited packing capacity (<4.5 kb).

d.) Herpes simplex virus. Herpes simplex virus (HSV) is a double-

stranded DNA virus that infects neurons and many epithelial cell types. HSV

undergoes cytopathic replication or a latency life cycle characterized by almost no

viral replications. Up to 30 kb of foreign DNA may be packaged in recombinant

HSV vectors. A major limitation of the clinical use of HSV is the potential for

neural toxicity.

Additional viruses, including lentiviruses, papilloma virus, simian virus 40,

polyoma, vaccinia, picornavirus, and Epstein-Barr virus, are also under investi-

gation as possible future vectors for gene therapy.

2. Nonviral methods

Genes can also be delivered to tissue by using nonviral methods, such as gene

gun, liposome-mediated methods, topical application, direct injection into muscle

or subcutaneous tissue, and gene-activated matrix (GAM) (see Table 4).

a.) Plasmid deoxyribonucleic acid. Plasmid DNA is a circular construct

of naked DNA that was identified because of its ability to transmit antibiotic

resistance to bacteria. DNA-encoding therapeutic gene products can be incorpo-

rated into these plasmids, then transferred to cells. The advantages of plasmids

are the virtually unrestricted size of genes that can be introduced and the relative
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lack of toxicity. Plasmids are inherently stable and flexible and can be manu-

factured by using simple protocols that would be expected to yield kilogram

amounts of sterile clinical grade material on a routine basis at significantly less

cost than typical bulk protein reagents. Another advantage of naked plasmid

DNA is the minimal inflammatory cell and neutralizing antibody response

produced when compared to that of adenovirus vector.

Plasmid DNA generally is not considered the optimal vector for gene

therapy, in part because of the presumed inefficiency in cellular transfection and

relatively shorter term of expression. However, gene expression that decreases

over a period of days or weeks may be desirable in skeletal repair, whose primary

goal is to regulate wound healing until a stable repair process is established.

Short-term expression may be amenable to clinical scenarios in which post-

operative injections are titrated to the clinical response.

Plasmid-mediated transfer of vascular endothelial growth factor (VEGF) to

induce new blood vessel growth in ischemic limbs was studied in a clinical trial

by Baumgartner and coworkers (58). Naked plasmid DNA encoding the isoform

of human VEGF was injected directly into the muscle of the ischemic limbs.

Increased serum VEGF level was documented, the ankle-brachial index improved

significantly, and newly visible collateral blood vessels were shown by contrast

angiography in 7 of 10 limbs. Magnetic resonance angiography showed evidence

of improved distal blood flow in 8 of 10 limbs.

b.) Particle-mediated gene transfer. Particle-mediated gene transfer

methods employ a physical force to penetrate the cellular membrane of target

cells and to deliver DNA that is adhered to microscopic gold particles of 1–2 mm
in diameter. In the wound environment, where significant amounts of nuclease

activity is likely to be present, the gene gun method of delivery of DNA may be

the preferred method because of its ability to deliver DNA to target cells and

avoid degradation. The gene gun method to introduce the epidermal growth factor

Table 4 Nonviral Gene Transfer Methods

Delivery methoda Transfection efficiency Integration efficiency

Electroporation Low Low

Topical application Low Low

Microinjection High Low

Direct injection (intramuscular,

intradermal)

Low Low

Gene gun High Low

GAM Low Low

Naked DNA Low Low

aGAM, gene-activated matrix; DNA, deoxyribonucleic acid.
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gene into wound keratinocytes leading to accelerated wound repair of pig skin has

been demonstrated (59).

c.) Electroporation. Electroporation involves the application of pulsed

electric fields to cells to enhance cell permeability, resulting in exogenous

polynucleide transit across the cytoplasmic membrane. Electrically mediated in

vivo gene transfer has been performed only in animal models to date. Electro-

poration is a means of targeting expression to the cells of interest. The use of

plasmid DNA simplifies gene preparation and the physical nature of electro-

poration makes this type of delivery applicable especially to skin and surgical

wounds.

d.) Liposomes. Liposomes are synthetically prepared vesicles consisting

of positively charged lipids such as dioleoyl phosphatidylethanolamine. Through

an electrostatic interaction, cationic liposomes can effectively form a complex

with negatively charged DNA molecules. The resulting liposome -DNA complex

interacts with the cell membranes of transfected cells, allowing introduction of

DNA molecules into the cells, presumably through endocytosis. The efficiency of

cationic liposome-mediated gene transfer in vitro can vary greatly and ranges

from 5% to 18% for nonpermissive cells and up to 90% for other cell lines. The

major advantage of liposomal vectors is their low immunogenicity, which allows

repetitive in vivo administration. A disadvantage of current liposomal vectors is

their low transfection efficiency in vivo, likely due to serum inactivation.

Successful gene transfer to a wound with a growth factor–encoding plasmid=lipo-
some complex has been reported. Studies showed that the topical application of

liposome-acidic FGF–encoding plasmid to excisional wounds in diabetic mice for

3 consecutive days accelerated wound closure comparably to that achieved with

recombinant aFGF applied for 15 days (60).

e.) Gene-activated matrix. Plasmids have been incorporated onto three-

dimensional structure matrices called gene-activated polymer matrices (GAMs)

(61). The method targets granulation tissue fibroblasts for plasmid gene transfer.

These fibroblasts normally originate in viable tissue surrounding injury, where

they proliferate and migrate into GAMs along with an appropriate vasculature.

Once in GAMs, the fibroblasts encounter, take up, and transiently express

plasmid DNA. The GAM has two functions: it holds plasmid DNA in the

wound site and it also acts as a scaffold that promotes cell ingrowth and

accumulation of fibroblasts near DNA. While in the matrix, transfected fibroblasts

act as bioreactors, producing plasmid-encoding proteins that stimulate tissue

repair and bone regeneration. Fang and colleagues used GAM to enhance fracture

healing in rat and canine models (62). Implantation of a GAM containing either a

BMP-4 plasmid or a parathyroid hormone 1–34 (PTH) 1–34) plasmid results in a

biological response of new bone filling the gap. Implantation of two-plasmid
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GAM (BMP-4 plus PTH 1–34, which act synergistically) causes new bone to

form faster than does either factor alone.

f.) Target cells for gene therapy for musculoskeletal repair. The treatment

of musculoskeletal disorders with systemic or local gene delivery requires the

development of techniques for delivery of genes into bone, cartilage, tendon,

ligament, muscle, or synovial tissue. The optimal target cells that deliver DNA to

the musculoskeletal system remain undetermined. The ideal cell candidate should

reside in tissue for which a biopsy specimen is easily obtained, and in vitro cell

isolation, transfection, and expression should be reliable and efficient.

In recognition of their broad growth and differentiation potential, bone

marrow mesenchymal stromal cells have been explored as vehicles for both cell

therapy and gene therapy (63,64). These cells are relatively easy to isolate from a

small aspiration of bone marrow that can be obtained under local anesthesia.

They are also relatively easy to expand in culture and transfect with exogenous

genes. BMPs and growth factors have been introduced into marrow mesenchymal

stromal cells for segmental bone gap filling, maxillary bone defect repair, and

spinal fusion (65–68).

Other cells investigated for target cells include periosteal-derived cells,

synovial cells, fibroblasts, chondrocytes, myoblasts, endothelial cells, and smooth

muscle cells (69). Ready accessibility makes the skin extremely attractive for

therapeutic gene transfer. Successful ex vivo and in vivo gene delivery into skin

keratinocytes has been reported (70).

IV. APPLICATION OF GENE THERAPY TO
MUSCULOSKELETAL REPAIR

A. Strategies

A number of experimental animal models have been developed in gene therapy

paradigms for musculoskeletal disease states, including trauma, fracture, ische-

mia, nonhealing wounds, and osteomyelitis.

One consequence of the complexity of tissue repair is the multifactorial

influence of malnutrition, immunocompromised status, and therapeutic interven-

tion with corticosteroids and immunosuppressant agents. The molecular basis of

chronic nonhealing wounds is unclear. One hypothesis is that growth factor

activity in the wound is insufficient in the wound environment (21). Growth

factors may be ‘‘trapped’’ within extracellular matrix molecules or may be

degraded by increased protease activity found in chronic nonhealing wounds.

In contrast, an overproduction of growth factors leads to hypertrophic scars and

keloids. It has been hypothesized that the defect may reside in the balance of
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synthesis and degradation of the extracellular matrix. Therapeutic strategies for

musculoskeletal repair have three basic modalities:

1. Provide general support to promoting factors such as cytokines, growth

factors or their receptors, and hormones: Wound healing growth

factors, which stimulate cell proliferation and synthesis of extracellular

matrix, are obvious candidates for tissue repair gene transfer. Since a

compromised blood supply is frequently responsible for inhibiting

bone healing, VEGF, a potent stimulator of angiogenesis, is a prudent

candidate. Other candidate genes include protease inhibitors to protect

growth factor actions and receptor antagonists or inhibitors, which can

be applied to either ex vivo or in vivo gene therapy.

2. Deliver antisense RNA, or ribozymes, to block the translation of those

growth factors involved in overfibrosis and scar formation: For

instance, delayed union or nonunion may involve excessive local

production of osteoclastic mediators (71) such as interleukin-1 (IL-1)

and IL-6. Overexpression of TGF-b may cause excessive scarring and

loss of tissue function (72). In, such cases, local delivery of antisense

RNA of these genes, or genes encoding the appropriate cytokine

antagonist molecules, would, theoretically, be helpful. The functional

knockout of a specific growth factor in the wound environment can

also be achieved by gene transfer of soluble growth factors receptors or

antisense RNA.

3. Treatment for skeletal disorders by use of bone-specific promoters or

molecular conjugates (DNA molecule attached to cell-specific ligands)

to restrict expression of therapeutic genes to distinct populations of

cells in the skeleton: Transcription factors and intranuclear targeting of

transcription factors provide options for directing the therapeutic gene

expression to specific transcriptionally active subnuclear sites (73–75).

Investigators have also shown the feasibility of constructing vectors

that regulate the elements that can direct the gene to be expressed only

under specific conditions (e.g., the presence of tetracycline).

B. Gene Therapy and Chronic, Nonhealing Wounds

Gene therapy is a promising new modality for nonhealing wounds (76,77). This

therapeutic approach modifies the host’s cells to express a therapeutic protein by

transfer of genetic material through a variety of techniques, including viral and

nonviral agents. Genes can be delivered through in vivo or in vitro methods.

Tyrone and associates (78) tested the wound healing effects of topically

applied platelet-derived growth factor (PDGF)-A or -B chain DNA plasmids

embedded within a collagen lattice. PDGF-B DNA increased new granulation
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tissue formation by up to 52% and epithelialization by 34% when compared with

controls. Wound closure was increased up to threefold (78). Andree and

colleagues (79) showed that the expression of exogenous epidermal growth

factor in the skin increased wound healing by 20%. Liechty demonstrated that

adenovirus-mediated gene transfer of platelet-derived growth factor-B overcame

the ischemic defect in wound healing (80).

Baumgartner and colleagues (58) used a method of direct injection of a

VEGF plasmid into the leg muscles of patients with ischemic limbs, nonhealing

ulcers, and rest pain. The treatment prompted a significant improvement in indices

of ankle-brachial pressure, and contrast angiography showed collateral blood

vessel formation in 7 of 10 limbs. The chronic ulcers either healed or improved

substantially in four of seven limbs and successful limb salvage proved possible in

three patients who had been advised to undergo a below-knee amputation.

Another area of recent interest, which may lead to future treatment

modalities, is the modulation of TGF levels in preventing scarring and fibrosis

during wound healing.

C. Gene Therapy and Bone Defects

A large number of cytokines that control the cellular events associated with bone

formation and repair have been identified. The most promising BMP fractions,

BMP-2, BMP-4, and BMP-7(OP-1), have been evaluated in various experimental

models (81–87).

Different methods of gene transfer are currently being investigated for the

purpose of enhancing bone formation, including in vivo nonviral delivery of

plasmid DNA by a three-dimensional matrix.

D. Gene Therapy of Osteoarthritis

Osteoarthritis is a common, debilitating, costly, incurable, and, in many cases,

treatment-resistant disease process. Novel approaches to therapy are clearly

required. Because osteoarthritis affects a limited number of weight-bearing

joints and lacks an important systemic component, the local treatment of

individual diseased joints is the preferred approach to gene therapy. Genes

whose products stimulate chondrogenesis or inhibit breakdown of the cartilagi-

nous matrix are obviously candidates for therapeutic use (88–90). These genes

may be transferred to the synovium or cartilage of affected joints by in vivo or ex

vivo means by using a variety of vectors. Transfer of such genes to chondropro-

genitor cells is a particularly attractive approach.
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E. Gene Therapy of Tendon Repair or Injuries to Ligaments

Injuries to ligaments and tendons are common, and many of the most frequently

injured tissues, such as the cruciate ligaments and articular cartilage, have very

limited capabilities for spontaneous repair. They also respond poorly to surgical

and nonsurgical intervention. Subtle genetic differences between individuals may

account for those who appear to be injury-prone. Studies suggest that gene

transfer could improve the management of such injuries (91–93), particularly

when used as vehicles for the targeted delivery of growth factors. The concept of

gene therapy in orthopedic sports medicine can be extended to include disorders

that are manifested as laxity or mechanical weakness of ligaments. In these cases,

it is likely that genes encoding the structural macromo1ecules of the matrix are

defective. Local gene supplementation in such cases could be useful in the future.

In vitro and in vivo studies have shown that PDGF, TGF-b, and EGF have

the potential to improve ligament healing. Extensive studies have been designed

to investigate the feasibility of three different gene therapy approaches (direct-,

fibroblast-, and myoblast-mediated gene transfer) to the ligaments and tendons

(94,95), such as the anterior cruciate ligament.

F. Gene Therapy for the Prevention of Musculoskeletal
Infection

Despite the use of antibiotics and improved sterile techniques, infection remains one

of the most frequent complications of wound healing. One of the goals of wound

management is to keep the wound organism count as low as possible. The

development and widespread use of vaccines against infectious agents have been

a great triumph ofmedical science. A new form of vaccination (96), usingDNA that

contains the gene for the antigen of interest, is under intensive investigation because

it can engender both humoral and cellular immune responses. The plasmid encoding

for methicillin-resistant Staphylococcus aureus (MRSA), penicillin binding protein

(PBP2a0) (97), Pseudomonas aeruginosa (PsA) outmembrane protein F (OPRF)

(98), and extoxinA (99) expressing plasmids have been introduced into animals and

have demonstrated an antibacterial effect to these organisms. Other DNAvaccines

against Streptococcus sp. (100), tuberculosis (101), and fungi such as coccidio-

idomycosis (102) also show promising results in animal experiments. The potential

of prophylaxis against common organisms found in musculoskeletal infections,

MRSA, PsA, and Streptococcus sp., by DNAvaccine is encouraging.

V. FUTURE DIRECTIONS

With the advance in molecular biology, gene therapy will likely become an

increasingly important tool in wound healing and bone defect repair. The main
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limitation of gene therapy for musculoskeletal defect repair is the lack of animal

models that truly reflect the clinical conditions associated with poor healing and

nonunion. More basic research needs to be done to increase our understanding of

underlying mechanisms of wound healing and nonunion, and the roles that the

growth factors and their receptors play in these processes. These studies will

eventually accelerate the use of gene therapy in musculoskeletal repair. Currently,

little attention has been paid to the biological component of the healing process

other than growth factors. However, there are numerous other necessary compo-

nents without which the growth factors would be ineffective. Cellular receptors

for these growth factors are one example. Because these factors are typically

transmembrane proteins, their exogenous application is not likely to restore

biological responsiveness. In contrast, transfer of the genes encoding the

receptors should accomplish the restoration because the endogenously synthe-

sized molecules can be inserted into the plasma membranes in the normal

fashion.

The success of gene therapy in bone and tissue repair relies on the ability

of gene delivery systems to deliver therapeutic genes selectively to a sufficient

number of target cells to yield expression levels that impact healing. This can be

achieved through physical targeting and molecular biological targeting (103).

Physical targeting relies on the attachment to the delivery vehicle by ligands

that bind to cell surface receptors unique to the target cells. Molecular

biological targeting refers to selective expression of the therapeutic gene by

the target cell through the use of selective promoters (104,105). Selective

expression can be further achieved by the use of expression systems controlled

by extrinsic induction molecules. Various gene therapy approaches will require

the development of methods to determine the most appropriate dosage and

methods of in vivo control and the most effective methods and timing for

delivery of the gene. The regulated delivery of growth factors in the wound

environment would maximize their biological effect and decrease the potential

toxicity resulting from overexpression. Potential variation of gene therapy

methods includes inducible or controllable tissue-specific promoters To date,

four major inducible systems have been developed: the tetracycline inducible

system (106), the ecdysone (an insect steroid) inducible system (107), the

RU486=antiprogestin mifepristone inducible system (108), and the rapamycin

inducible system (109).

The effects of potential synergistic combinations of factors and the

sequential delivery of different factors have not been studied. The availability

and function of various growth factors in normal wound healing appear to be

sequential. Wound fluid evaluations suggest that, normally, the various cytokines

are present in the wound at different periods (110,111). No single growth factor

has been shown to be uniformly efficacious in clinical trials so far. Multiple

growth factor gene therapy and=or a combination of delivery of genes encoding
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for growth factors and their specific receptors might be more effective than single

growth factor therapy alone. A combination of several gene therapies may be a

logical extension of the current single-gene therapy system.

Finally, depending on the types of vectors used, the safety of this approach

remains a key concern and will require extensive study before clinical applica-

tion, particularly in self-limited conditions such as normal bone and wound

healing. Important safety parameters include the interaction between the gene

therapy and tissue at the delivery site, vector persistence and bioavailability,

interaction between gene therapy and the immune system, and pharmacokinetics

and pharmacodynamics of vector-encoded proteins, both at the site of delivery

and systemwide.

VI. SUMMARY

Recent advances in the fields of biotechnology and molecular biology offer the

orthopedic surgeon exciting avenues for repair or regeneration of skeletal tissue

lost to injury, infection, tumor, or aging. Growth factors, which are key elements

in wound repair and bone healing, control cell proliferation, cell migration, and

formation and accumulation of extracellular components. The ability of growth

factors to enhance human bone formation and wound healing substantially has

been clearly documented in preclinical testing. The development of isolation and

culture techniques for mesenchymal progenitor cells from various tissues has

promoted interest in the use of these cells for repair and regeneration of

musculoskeletal tissues. A combination of implantation of bone-forming cells

with osteoinductive growth factors is also under active investigation.

Local and, potentially, systemic bone and soft tissue engineering using gene

therapy may prove to be the next major advance in molecular modulation of

musculoskeletal tissue. We define gene therapy as the transfer of genetic materials

to achieve a therapeutic effect on tissue repair. The focus of gene therapy is to

place therapeutic agents at the injury or wound site at safe levels to prevent

toxicity, yet have the desired therapeutic effect. Gene therapy largely involves the

transfer of gene-encoding growth factors and cytokines, which regulate cell

proliferation, migration, and syntheses of ECM components. Several different

approaches have been used to transfer growth factors into cells and tissues.

Tissue-specific promoters and specific inducible promoters are used to aid in

localizing the production of factors to certain cell types and ensure that their

expression takes place at the right time and in a controllable fashion. Use of gene

therapy to enhance tissue repair is still in an early stage of development, but it has

the potential to revolutionize the practice of orthopedic surgery. The era of

‘‘clinical orthopedic gene therapy’’ may soon be a reality.
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Acquired immunodeficiency syndrome

(see HIV/AIDS)

Adhesion, microbial

molecular mechanisms of, 12–14, 19, 23,
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in the pathogenesis of osteomyelitis,

159

Adjunctive therapy (see also Antibiotic-

impregnated bone cement, Bio-

implants for antibiotic delivery,

Bioimplants for bone and soft

tissue repair, Electrical stimulation,

and Hyperbaric oxygen therapy),

103, 106

Age in infection, role of (see Host factors)

Aminoglycosides

activity of, 507

in antibiotic-impregnated bone

cement, 558–559

dosage, 508

drug interactions, 508

side effects, 508

Amputation, 176

Animal bite wounds (see Bite wounds,

animal)

Antibiotic-impregnated bone cement,

123, 557–558

[Antibiotic-impregnated bone cement]

amount of antibiotics used, 314, 317

choice of antibiotics in 314, 317, 558

for dead space management, 172, 214,

313

elution of antibiotics from, 308, 314

in postoperative spinal infections, 408

in total hip arthroplasty, 256–257,
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in total knee infection, 314, 317

Antibiotic prophylaxis (see Prophylaxis,

antibiotic)

Antibiotic resistance (see also Methicil-

lin-resistant Staphylococcus

aureus, Vancomycin-resistant
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mycin-resistant Staphylococcus

aureus)

factors involved in, 516–517

mechanisms of, 517
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organisms with, 517–518

Antibiotics (see also individual

antibiotics or antibiotic classes)

bactericidal concentration of, 514–515

and the elderly, 516
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[Antibiotics]

sensitivity testing, 513–514

Antibiotics, choice of (see also individual

antibiotics or antibiotic classes),

495

Antibiotics, properties of

antimetabolites, 511–513

cell wall-active antibiotics, 495–504

deoxyribonucleic-active antibiotics,

509–511

reducing compounds, 513

ribonucleic acid-active antibiotics,

508–509

ribosomal-active antibiotics,

504–508

Arthritis (see Septic arthritis)

b-lactamase inhibitors

activity of, 500

side effects of, 500

b-lactam antibiotics

activity of, 502

side effects of, 502

Biofilm (see also Glycocalyx)

formation of, 10–11, 18–19, 27, 37

structure of, 299–300

in total hip infection, 244–245

in total knee infection, 300–301

Bioimplants for antibiotic delivery

(see also Antibiotic-impregnated

bone cement and Polymethyl-

mathacrylate), 555–561

materials used for, 557

fibrin sealant, 561

hydroxyapatite, 560

polymethylmethacrylate (PMMA),

558–560

synthetic polymers, 560–561

safety of, 561

Bioimplants for bone and soft tissue

repair, 561–562

delivery of bone morphogenetic

protein (BMP), 556, 560,

562–565

fracture fixation, 564–565

[Bioimplants for bone and soft tissue

repair]

materials

absorbable collagen sponges,

562–563

ceramic, 563

fibrin, 564

polymers, 563

with multipotential marrow stromal

cells, 592

as scaffolds, 564

Bite wounds

animal, 226

microbiology of, 226, 228

human, 214, 226, 228

microbiology of, 228

Bone healing, promotion of (see also
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with bone morphogenetic protein

(BMP), 589–590

with multipotential marrow stromal

cells, 592

Bone morphogenetic protein (BMP),

556

local delivery of, 556, 560, 562–565

osteoinduction with, 589–590

Brodie’s abscess, 485

Cellulitis, 34, 88, 90, 101, 165

Cephalosporins

activity of, 500–501

drug interactions, 502

side effects, 501

Classification systems

for diabetic foot infections

Armstrong and Lavery

classification, 328

common classification system, 328

Lipsky classification, 328

Wagner classification, 328

for osteomyelitis

Cierny and Mader’s classification,

65–67, 84–85, 150–151,

572

Ger’s classification, 64
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[Classification systems]

[for osteomyelitis]

Gordon and Chin’s classification,
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Kelly’s classification, 64

May’s classification, 65

Waldvogal classification, 63–64,

83, 149

Weilan’s classification, 64

for open fractures, 134

for prosthetic joint infections,

294–296

for total hip infections, 253–254

Classification systems, application of

Cierny and Mader

diagnosis of osteomyelitis

according to stage,

67–68

treatment of osteomyelitis

according to stage,

68–73, 166–169,

173–174

Clavulanic acid, 500

Clindamycin

activity of, 504

drug interactions, 504

side effects of, 504

tissue penetration of, 504

Computed tomography (CT)

in the diagnosis of diabetic foot

infections, 330

in the diagnosis of necrotizing

fasciitis, 230

in the diagnosis of osteomyelitis,

164

in the diagnosis of pediatric osteo-

myelitis, 483

in the diagnosis of postoperative

spinal infections, 383

in the diagnosis of septic arthritis,

192

in the diagnosis of spinal fungal

infections, 440

in the diagnosis of spinal tuberculosis,

428

Dead space management (see also Bone

healing, promotion of), 71–72,

171–172

in total knee infections, 308–313

Debridement, 35–36, 68, 70–72, 104,

171, 214

of open fractures, 136–137

Decubitus ulceration

classification of, 534

postoperative recovery, 536

wound coverage options, 534, 536

Diabetes mellitus (see also Immunocom-

promised host), 3, 5, 22, 33, 156,

211, 262, 587

and septic arthritis, 186, 199, 204

and spinal infections, 347, 349

Diabetic foot infection, 33–34, 43, 87

amputation for, 334
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Armstrong and Lavery class-

ification, 328

common classification system,

328

Lipsky classification, 328

Wagner classification, 328

clinical symptoms of, 327

choice of antibiotics for, 333
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diagnosis of, 327–331

cultures, 331

imaging tests, 329–331

serum laboratory tests, 329

hyperbaric oxygen therapy for, 334,

574–575

immunopathy, 327

microbiology of, 4, 88, 332–333

neuropathy, 99–100, 326, 328

diagnosis of, 328

role in infection, 33, 87–88, 326

peripheral vascular disease, 326, 328

diagnosis of, 328–329

pathophysiology, 87–88, 97, 99

prevention of, 335

treatment of

adjunctive therapy for, 334–335
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[Diabetic foot infection]

[treatment of]

antibiotic management, 332–333

off-loading, 332

surgical, 333–334

wound care techniques, 331–332

Electrical stimulation, 565

capacitive coupling, 566

clinical applications, 566–567

cartilage repair, 568

lumbar spinal fusion, 568

nonunions, 567

pain and arthritis, 569

wound healing, 568

direct current, 565–566

inductive coupling, 566

limitations of, 569

mechanisms of action, 566

safety of, 569

Eperezolid, 507

Fluoroquinolone antibiotics

activity of, 510

and children, 70, 511

drug interactions, 511

oral therapy for osteomyelitis, 70,

166

organism susceptibility to, 70, 166

route of administration, 510

side effects of, 511

Foot, puncture wounds in children, 488,

490

Fungal infections, 154

and antibiotic resistance, 518

in diabetic foot infections, 33–34, 43,

87

in hand infections, 216, 223–224

in patients with HIV/AIDS, 6

in septic arthritis, 201

of the spine, 435–458

Gas gangrene (clostridial myonecrosis),

231, 234

clinical signs of, 234

[Gas gangrene]

diagnosis of, 234

hyperbaric oxygen therapy for, 234

in the immunocompromised host, 234

microbiology of, 231, 234

in open fractures, 137

prevention of, 234

treatment of, 234

Gene therapy, 593–594

application of, 599–600

bone defects, 601

chronic wounds, 600–601

osteoarthritis, 601

prevention of infection, 602

tendon and ligament injuries,

602

gene delivery, 594

limitations of, 603–604

safety of, 604

target cells for, 599

vectors, 594–595

nonviral vectors, 596–599

viral vectors, 595–596

Gentamicin

in antibiotic-impregnated bone

cement, 72, 172, 558–559

in antibiotic-impregnated calcium

hydroxyapetite, 560

Glycocalyx, 11, 18–19, 159, 558

properties of, 19

in total hip infection, 244–245, 270,

278

Gout, 211, 216

Gunshot wounds

antibiotic prophylaxis for, 126–127

treatment of, 126–127

Haemophilus influenzae

in osteomyelitis, 153–154

in pediatric osteomyelitis, 476

in septic arthritis, 5

Hand infections, 211–214

animal bite wounds, 226, 228

microbiology of, 226

differential diagnosis, 216
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[Hand infections]

dorsal subaponeurotic space, 220

flexor tenosynovitis, 220–223

anatomy of, 221

clinical symptoms of, 221

treatment, 221, 223

fungal infections, 223–224

diagnosis of, 223

microbiology of, 223–224

treatment of, 223–224

in the immunocompromised host, 216,

224, 226

human bite wounds, 214, 226, 228

microbiology of, 228

hypothenar space infections, 220

midpalmar space infections, 220

Mycobacterium, atypical, 224, 226

Mycobacterium tuberculosis, 224

clinical symptoms, 224

diagnosis, 224

Parona’s space, 220

paronychial infections, 216–217

anatomy of, 216

microbiology of, 216

treatment, 216–217

pulp space infections, 217–219

anatomy of, 217

clinical symptoms of, 217

diagnosis of, 218

treatment of, 218–219

thenar space infections, 219

viral infections, 226

treatment, 226

web space infections, 220

Hip infections (see Total hip infections)

HIV/AIDS (see also Immunocompro-

mised host), 93–94

microbiology of infection in patients

with HIV/AIDS, 6, 93

and septic arthritis, 93, 184–186, 199,

204

and spinal tuberculosis, 422

Host alteration, 69, 161

to prevent infection prior to total hip

arthroplasty, 260–263

Host factors (see also Diabetes mellitus,

HIV/AIDS, Immunocompromised

host, and Intravenous drug abuse)

Age, 5, 22, 36, 89–90

in septic arthritis, 204–205

in the Cierny and Mader classification

system, 65–67, 151, 156

generalized vascular insufficiency,

33–34

localized vascular insufficiency, 34

normal vasculature, 32–33

Human bite wounds (see bite wounds,

human)

Hyperbaric oxygen therapy, 97, 106, 556,

569–570

clinical indications for, 570

osteomyelitis, 572–574

for diabetic foot infections, 334

for necrotizing fasciitis, 231, 575–576

for gas gangrene, 234, 576

mechanisms of action, 570, 572

side effects of, 576–577

for wound healing, 574–575

Ilizarov external fixator, 72, 104, 173

Immune system, normal physiology of,

80–81

Immunocompromised host (see also

Diabetes mellitus, HIV/AIDS,

Host factors, and Intravenous drug

abuse), 2–3, 5, 22, 36, 42–44,

79–80

alcohol abuse, 94–95

asplenic patients, 92–93

bone marrow and stem cell transplan-

tation, 90–91

chronic hypoxia, 88

congenital immune deficiency, 38, 81–

82, 90

diagnosis of infection in, 100–102

clinical diagnosis, 101

diagnostic tests, 101

medical history and physical

examination, 100–101

end-stage renal disease, 86–87
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[Immunocompromised host]

immune disease, 90

local immunocompromised states,

96–100, 156

arteritis, 97

chronic lymphedema, 96

major vessel compromise, 97

neuropathy, 99–100

radiation fibrosis, 98–99

scarring, 98

venous stasis, 96–97

malignancy, 88–89

malnutrition, 82–83, 85–86

microbiology of infection in, 82,

87–88

obesity, 262

and osteomyelitis, 81, 87–92, 94,

156

prevention of infection in, 107

sickle cell disease, 92–93, 156, 184

small vessel disease, 99

solid organ transplantation, 91–92

tobacco abuse, 95

treatment of infection in, 103–106

adjunctive therapy, 103, 106

choice of antibiotics, 103

debridement, 104

immunomodulation, 104–106

Implanted medical devices

and biofilm, 18, 23, 203

and microbial adherence, 159

microbiology of infection in, 36–37

risk of infection associated with,

37–38, 202–203

in total hip infections, 244–246

Intravenous drug abuse, 3, 5, 22, 42,

93–94

microbiology of infection, 94

and osteomyelitis, 214

and septic arthritis, 186, 204

and spinal infections, 347

Knee infection (see Total knee infections)

Linezolid, 507

Long bone osteomyelitis

clinical symptoms of

in adults, 160

in children, 160

diagnosis of

computed tomography (CT), 164

cultures, 162

differential diagnosis, 165

history and physical examination,

160–161

laboratory studies, 161–162

magnetic resonance imaging, 164

polymerase chain reaction (PCR),

162–163

radionuclide studies, 163–164

etiology of, 153–154

incidence of, 155–156

pathological characteristics of,

156–158

pathophysiological characteristics,

158–159

secondary to contiguous focus of

infection with vascular disease

treatment of, 174, 176

source of infection, 155

treatment of

antibiotic management, 165–169

surgical management, 171–174

Macrolides

activity of, 505

drug interactions with, 505

side effects of, 505

Magnetic resonance imaging (MRI)

in the diagnosis of diabetic foot

infections, 330–331

in the diagnosis of necrotizing fascii-

tis, 230

in the diagnosis of osteomyelitis,

164–165

in the diagnosis of pediatric osteo-

myelitis, 484

in the diagnosis of postoperative

spinal infections, 383

in the diagnosis of septic arthritis, 192
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[Magnetic resonance imaging (MRI)]

in the diagnosis of spinal brucellosis,

460

in the diagnosis of spinal fungal

infections, 440

in the diagnosis of spinal tuberculosis,

428–429

Meropenem

activity of, 503

side effects of, 503

Methicillin-resistant Staphylococcus

aureus, 135

control of, 517

prophylaxis for, 122

treatment of, 71, 166, 499, 506, 509,

517

vaccine development for, 602

Metronidazole

activity of, 513

route of administration, 513

side effects of, 513

Microbiology (see also specific organ-

isms)

of musculoskeletal infections, 2–6

Muscle flaps, 529–530

foot, 545

Achilles and malleoli, 545

distal plantar area and forefoot,

545, 547

dorsum, 547

heel and mid-plantar area, 545

lower extremity, 534

decubitus ulceration, 534–536

hip and proximal/lateral thigh, 537

knee, 540

mid thigh, 537, 540

lower leg

lower third tibia, 542, 544–545

middle third tibia, 542

proximal third tibia, 540, 542

for open fractures, 138, 529

for postoperative spinal infections,

400–408

and secondary iliac crest bone

grafting, 549–551

[Muscle flaps]

upper extremity, 530

elbow, 531

forearm, 530–531

upper arm and shoulder, 531

Mycobacterium tuberculosis, 154

in hand infections, 224

and septic arthritis, 199

in spinal infections, 422–430, 435

Neisseria gonorrhoeae

microbiology of, 21–22

in septic arthritis, 3, 5–6, 42–43

virulence factors of, 42

Necrotizing fasciitis, 228–231

antibiotic choice, 231

clinical symptoms of, 229

diagnosis of, 229–230

hyperbaric oxygen therapy for, 231

microbiology of, 230

risk factors for, 229

surgical treatment, 230–231

Open fractures, 131–132

assessment of injury, 133–134

choice of antibiotics, 135

classification of injury, 134

early bone grafting, 141, 144

timing of, 144

etiology, 132

fracture stabilization, 140

controversies in, 142–143

external fixation, 140–141

intramedullary nailing, 140

plate fixation, 141

microbiology of infection in, 135–136

pathophysiology, 132–133

prevention of infection, 134–135

resistant organisms, 135–136

salvage versus amputation, 139–140

mangled extremity severity score

(MESS), 140

patient and extremity factors, 139

timing of fixation, controversy,

143–144
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[Open fractures]

wound management, 136–139

closure, 137

debridement, 136–137

irrigation, 136

soft tissue reconstruction,

137–139

Osteomyelitis (see also individual

anatomic sites)

acute osteomyelitis, 83, 149

pathology of, 156–157

in children (see pediatric osteo-

myelitis)

chronic osteomyelitis, 64, 83, 149

pathology of, 157–158

radiographic changes in, 163

classification of (see also Classifi-

cation systems, osteomyelitis),

63–64

common organisms in, 2–6, 94

contiguous focus osteomyelitis, 3–4,

63, 83, 150, 154–156, 161

pathophysiology, in long bone

osteomyelitis, 159

radiographic changes in, 163

symptoms of, in long bone

osteomyelitis, 160

with vascular disease, 174, 176

in diabetic patients, 63

diagnosis of, 67–68

differential diagnosis of, 165

hematogenous osteomyelitis, 3–4, 63,

83, 90, 150, 155, 161

microbiology of, 37, 153–155

pathophysiology, in long bone

osteomyelitis, 158

pediatric, 473–474

radiographic changes in, 163

refractory, 572

symptoms of, in long bone

osteomyelitis, 160

hyperbaric oxygen therapy and, 106

microbiology of, 214

pathogenesis of, 34–36

in patients with HIV, 94

[Osteomyelitis]

prevention of (see also prophylaxis,

antibiotic)

in immunocompromised hosts, 107

sources of infection in, 42–44, 63

treatment

antibiotic management, 69–71,

165–166

surgical management, 71–73,

171–173

Oxazolidinones

activity of, 507

side effects of, 507

Paprika sign, 71, 171, 308

Pediatric osteomyelitis, 3, 32, 36, 473

antibiotic therapy for, 69, 167

Brodie’s abscess, 485

clinical symptoms of, 476

diagnosis of, 476, 478–480

computed tomography (CT), 483

cultures, 478–480

magnetic resonance imaging, 484

radiographic studies, 481–482

radionuclide studies, 483

serum laboratory studies,

480–481

epidemiology of, 473–474

foot, puncture wounds, 488

microbiology of, 490

treatment of, 490

microbiology of, 153–155, 474, 476

pathogenesis of, 474, 476

pathophysiology of long bone osteo-

myelitis in, 158

treatment of antibiotic choice,

584–485

Penicillins, 495, 498

aminopenicillins

activity of, 499

side effects of, 499

antipseudomonal

activity of, 499

side effects of, 499

drug interactions with, 499
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[Penicillins]

extended spectrum

activity of, 499

side effects of, 499

penicillin G

activity of, 495

side effects of, 495

penicillinase-resistant, 498–499

activity of, 499

side effects of, 499

Polymerase chain reaction (PCR)

in the diagnosis of osteomyelitis,

162–163

in the diagnosis of reactive arthritis,

202

in the diagnosis of total hip infections,

253

Polymethylmathacrylate (PMMA) (see

also Antibiotic-impregnated bone

cement and Bioimplants)

antibiotic elution from, 308, 314, 559

antibiotic-impregnated, 72, 135

beads, 18, 72, 135

bone cement, 37–38

limitations of, 559–560

Pott’s disease (see Spinal tuberculosis)

Prophylaxis, antibiotic (see also total hip

infection, prophylactic measures),

115–118

in arthroscopic procedures, 122

choice of antibiotics for, 120–122

dental or other procedures, patients

undergoing, 123–126,

265–267

choice of antibiotics, 126

cost-effectiveness, 124

risk factors for infection,

125–126

duration of administration, 120

and gunshot wounds, 126–127

choice of antibiotics, 127

intraoperative dosage, 119–120

for methicillin-resistant Staphylococ-

cus aureus, 122

timing of administration, 118–119

[Prophylaxis]

in total joint replacement surgery,

122–123

antibiotic-impregnated bone

cement, 123

for primary total joint replacement

surgery, 123

for revision total joint replacement

surgery, 123

Pseudomonas aeruginosa

microbiology of, 22–31

virulence factors of, 23–31

Quinupristin/dalfopristin (Synercid)

activity of, 505

side effects of, 506

Radionuclide studies for long bone

osteomyelitis, 163–164

Resistant organisms, 135–136

treatment of, 71

Rheumatoid arthritis, 5, 124, 186, 192,

198–199, 204, 211, 262, 347,

349, 488

Rifampin

activity of, 508–509

drug interactions with, 509

side effects of, 509

Septic arthritis

in children, 5, 184–185, 478–479,

486, 488

clinical symptoms of, 187–189

controversies in, 205

diagnosis of, 189–194

computed tomography (CT), 192

differential diagnosis, 192–194

examination of synovial fluid,

189–191

magnetic resonance imaging

(MRI), 192

radiographs, 191

triple-phase radionuclide bone

scan, 192

ultrasonography, 191–192
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[Septic arthritis]

fungal organisms in, 201

in HIV-infected patients, 93, 204

in immunocompromised hosts, 90,

205

and lyme disease, 203

microbiology of, 3–6, 93, 184–185

mycoplasma arthritis, 201

pathogenesis of, 187

polyarticular, 203–204

microbiology of, 203

predisposing conditions (see also

immunocompromised host),

186

prognosis, factors associated with,

198–199

and prosthetic joint infections,

202–203

reactive arthritis, 201–202

rehabilitation after treatment, 197–198

septic bursitis, 203

sites of infection, 188–189

syphilitic arthritis, 201

treatment of

antimicrobial therapy, 194, 196

choice of antibiotics, 194–196

surgical therapy, 196–197

tuberculosis arthritis, 199, 201

clinical symptoms of, 199, 201

diagnosis of, 201

in immunocompromised hosts, 199

Soft tissue coverage (see also Muscle

flaps), 72, 104, 173

Spinal brucellosis, 458–459

clinical manifestation of, 459–460

diagnosis of

cultures, 460

imaging studies, 460

serum laboratory studies, 460

epidemiology of, 459

pathophysiology of, 459

treatment of

adjunctive treatments, 463

antibiotic management, 461, 463

surgical, 463

Spinal infections, fungal, 435–437, 440

actinomycosis, 456–457

clinical manifestations of, 457

diagnosis of, 457

treatment of, 458

aspergillosis, 453

clinical manifestations of, 453

treatment of, 453–454

blastomycosis, 443

clinical manifestations of, 443

diagnosis of, 443–444

treatment of, 444

candidiasis, 449

clinical manifestations of, 451

treatment of, 451–452

coccidioidomycosis, 444

clinical manifestation of,

445–447

treatment of, 447, 449

cryptococcosis, 454

clinical manifestation of, 454, 456

treatment of, 456

diagnosis of (see also individual types

of fungal infections)

biopsy, 440

imaging studies, 440

histoplasmosis, 454

pathology of, 454

clinical manifestations of, 454

treatment of, 454

torulopsosis, 452–453

treatment of (see also individual types

of fungal infections)

antimycotic drug therapy,

441–442

surgical treatment, 442–443

Spinal infections, granulomatous (see

also Spinal tuberculosis, Spinal

infections, fungal, and Spinal

brucellosis), 421–422

Spinal infections, hematogenous

pyogenic (see also Vertebral

osteomyelitis)

classification of, 341–345

clinical symptoms of, 348
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[Spinal infections, hematogenous

pyogenic]

diagnosis of

biopsy, 354–355, 359

computed tomography (CT),

350–351

cultures, 348, 354

magnetic resonance imaging

(MRI), 348, 350–355

radiographs, 348, 350–351

radionucleotide studies, 348, 355

serum laboratory studies, 348

in disk space (discitis), 341

epidural abscess, 342, 344–345,

347–349, 355–356, 390

treatment of, 355–356

facet joint infection, 344–345

histopathology of, 347–348

microbiology of, 345–346

pathology of, 347, 349

risk factors for, 347

spondylitis, 341

spondylodiscitis, 341–342, 347

complications of, 347–349

treatment of

diet and lifestyle, 359

facet joint arthropathy, 356

late surgical reconstruction, 356

orthosis, 356–357

treatment of, antibiotic

ceftazidime, 361–362

choice of antibiotics, 354–355,

359–363

clindamycin, 359–360

levofloxacin, 360–361

vancomycin, 362–363

treatment of, surgical

use of antibiotic-impregnated

beads, 408

conventional surgical procedures,

365–368

minimally invasive surgical proce-

dures, 363–365

Spinal infections, postoperative, 379–380

diagnosis of

cultures, 383, 385

[Spinal infections, postoperative]

imaging studies, 383, 385

serum laboratory studies, 382–383,

385

delayed infection after instrumentation

clinical manifestation of, 409

pathogenesis of, 408

and pseudoarthrosis, 409

treatment of, 409–410

early infection after instrumentation,

390

clinical manefestation of,

390–391

microbiology of, 390

pathogenesis of, 390

and poseudoarthrosis, 392

surgical techniques for, 393–408

treatment of, 392–393

microbiology of, 383

postdiskectomy laminectomy infec-

tion, 385–386

clinical manifestation of, 386

pathogenesis of, 386–387

treatment of, 387–390

prevention of, 410–412

host alteration, 410, 412

prophylactic antibiotics, 410–412

risk factors of, 380–382
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microbiology of, 6–21
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virulence factors of, 6–21, 39

Staphylococcus epidermidis

Biofilm, 18–19

Stem cells, 592
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drug interactions, 513

side effects of, 512
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host alteration, 260–263
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role of foreign body material in,
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hip arthrodesis, 275
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Trimthoprim-sulfamethoxazole (TMP/

SMX)

activity of, 512

drug interactions, 513

route of administration, 512

side effects, 512

Tuberculosis (see Mycobacterium

tuberculosis)
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Vancomycin (see also Vancomycin-
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route of administration of, 503
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microbiology of, 4
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bone morphogenetic protein (BMP)
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growth factors and, 591–592
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and, 592

physiology of, 588
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