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Bone and joint infections are painful for patients and frustrating for both them and their doctors. The high success
rates of antimicrobial therapy in most infectious diseases have not yet been achieved in bone and joint infections
owing to the physiological and anatomical characteristics of bone. The key to successful management is early
diagnosis, including bone sampling for microbiological and pathological examination to allow targeted and longlasting antimicrobial therapy. The various types of osteomyelitis require differing medical and surgical therapeutic
strategies. These types include, in order of decreasing frequency: osteomyelitis secondary to a contiguous focus of
infection (after trauma, surgery, or insertion of a joint prosthesis); that secondary to vascular insufficiency (in
diabetic foot infections); or that of haematogenous origin. Chronic osteomyelitis is associated with avascular
necrosis of bone and formation of sequestrum (dead bone), and surgical debridement is necessary for cure in
addition to antibiotic therapy. By contrast, acute osteomyelitis can respond to antibiotics alone. Generally, a
multidisciplinary approach is required for success, involving expertise in orthopaedic surgery, infectious diseases,
and plastic surgery, as well as vascular surgery, particularly for complex cases with soft-tissue loss.
Osteomyelitis is an inflammatory process accompanied
by bone destruction and caused by an infecting
microorganism.1–4 The infection can be limited to a single
portion of the bone or can involve several regions, such as
marrow, cortex, periosteum, and the surrounding soft
tissue. From a practical viewpoint, distinction of three
types of osteomyelitis is useful.
Osteomyelitis due to local spread from a contiguous
contaminated source of infection follows trauma, bone
surgery, or joint replacement. It implies an initial
infection that gains access to bone. It can occur at any age
and can involve any bone. In this group, identification of
patients with a foreign-body implant is important, both
because of their high susceptibility to infection and
because of treatment challenges.
Osteomyelitis secondary to vascular insufficiency
occurs predominantly in people with diabetes and in
almost all cases follows a foot soft-tissue infection that
spreads to bone. This disease entity has several important
contributing factors: the metabolic consequences of
diabetes; bone and soft-tissue ischaemia; and peripheral
motor, sensory, and autonomic neuropathy.
Haematogenous osteomyelitis is seen mostly in
prepubertal children and in elderly patients and is
characterised by nidation of bacteria within sometimes
only slightly injured bone, presumably seeded by bacteria
not apparent but present in the blood.
Acute osteomyelitis evolves over several days or weeks,
as opposed to chronic osteomyelitis, which is somewhat
arbitrarily defined as long-standing infection that evolves
over months or even years, characterised by the
persistence of microorganisms, low-grade inflammation,
and the presence of dead bone (sequestrum) and fistulous
tracts (figure 1).5,6 Relapses in the same area and with
accompanying fever are a clear sign of chronic
osteomyelitis. Clinical signs persisting for longer than 10
days are associated with the development of necrotic bone
and chronic osteomyelitis.7
Cierny and Mader developed a detailed classification for
orthopaedic surgeons treating patients with chronic
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osteomyelitis, which applies best to long and large bones
and is not very useful for the digits, small bones, or the
skull.2,4,8 It combines both stages of anatomical disease
and physiology of the host.

Mechanisms of disease: the bone
Examination of the area of acute osteomyelitis by
microscopy reveals an acute suppurative inflammation
in which bacteria or other microorganisms are
embedded. Various inflammatory factors, and leucocytes
themselves, contribute to tissue necrosis and the
destruction of bone trabeculae and bone matrix. Vascular
channels are compressed and obliterated by the
inflammatory process, and the resulting ischaemia also
contributes to bone necrosis. Segments of bone devoid of
blood supply can become separated to form sequestra
and can continue to harbour bacteria despite antibiotic
treatment (figure 1). Antibiotics and inflammatory cells
cannot reach this avascular area, so medical treatment of
osteomyelitis fails. At the infarction edge, there is
reactive hyperaemia that is associated with increased
Search strategy and selection criteria
We searched the The Cochrane Library and MEDLINE (1966 to
2004) to identify studies on the pathogenesis, microbiology, and
treatment of osteomyelitis; many articles were identified through
searches of the extensive files of the two authors. The main
search term was “osteomyelitis” alone and in combination with
“vascular insufficiency”, “haematogenous”, “vertebral”, “biofilm”,
“imaging”, “diabetic foot”, “prosthetic infections”, “trauma”, and
“surgery”. Papers published in English, French, Spanish, or Italian
were reviewed. Selection criteria included a judgment about the
novelty and importance of studies and their relevance for the
well-informed general clinician. We also searched the reference
lists of articles identified by this search strategy. Several review
articles or book chapters were included because they provide
comprehensive overviews that are beyond the scope of this
seminar. The reference list was modified during the peer-review
process on the basis of comments from reviewers.
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Figure 1: Steps in the progression of chronic osteomyelitis
I: From sequestrum, an area of devascularised dead bone, progression of intramedullary infection towards an
intracapsular location can lead to septic arthritis; progression of infection towards a subperiosteal location can lead
to periosteal elevation. II: New bone formation as a result of massive periosteal elevation. III: Extension of
sequestrum and necrotic material through cortical bone creates a fistula and ultimately breaks through the skin
(adapted from reference 5 with permission).

osteoclastic activity. This activity, in turn, produces bone
loss and localised osteoporosis. Meanwhile, bone
apposition occurs, in some cases exuberantly, causing
periosteal apposition and new bone formation.
There is much evidence that growth factors, cytokines,
hormones, and drugs regulate the proliferation and
activity of osteoblasts and osteoclasts. The growth
factors and cytokines that stimulate normal osteoclasts
and osteoblasts also influence their development and
death and show altered local concentrations during
infection.9–11 Although information on the involvement
of cytokines on bone growth has been acquired, little is
available for osteomyelitis.
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Figure 2: Microbiology in various types of osteomyelitis
Microorganisms are ranked from high to low prevalence or relative
epidemiological importance.

Pathogenesis: host and microorganisms
The development of osteomyelitis is related to microbial
(table 1) and host factors. Among pathogenic microorganisms, Staphylococcus aureus is by far the most
commonly involved (figure 2). This organism elaborates
a range of extracellular and cell-associated factors
contributing to its virulence. First are factors promoting
Most common clinical association

Microorganism

Frequent microorganism in any type of osteomyelitis
Foreign-body-associated infection
Common in nosocomial infections
Associated with bites, diabetic foot lesions, and
decubitus ulcers
Sickle-cell disease
HIV infection
Human or animal bites
Immunocompromised patients
Populations in which tuberculosis is prevalent
Populations in which these pathogens are endemic

Staphylococcus aureus (susceptible or resistant to meticillin)
Coagulase-negative staphylococci or Propionibacterium spp
Enterobacteriaceae, Pseudomonas aeruginosa, Candida spp
Streptococci and/or anaerobic bacteria
Salmonella spp or Streptococcus pneumoniae
Bartonella henselae or B quintana
Pasteurella multocida or Eikenella corrodens
Aspergillus spp, Candida albicans, or Mycobacteria spp
Mycobacterium tuberculosis
Brucella spp, Coxiella burnetii, fungi found in specific
geographical areas (coccidiodomycosis, blastomycosis,
histoplasmosis)

Table 1: Microorganisms isolated from patients with osteomyelitis and their clinical associations
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attachment to extracellular matrix proteins, called
bacterial adhesins. The ability of Staph aureus to adhere is
thought to be crucial for the early colonisation of host
tissues, implanted biomaterials, or both. Staph aureus
expresses several adhesins (MSCRAMM, microbial
surface components recognising adhesive matrix
molecules) on its surface, each specifically interacting
with one host protein component, such as fibrinogen,
fibronectin, collagen, vitronectin, laminin, thrombospondin, bone sialoprotein, elastin, or von Willebrand
factor.12 The second set of factors promote evasion from
host defences (protein A, some toxins, capsular
polysaccharides). The third set promote invasion or tissue
penetration by specifically attacking host cells (exotoxins)
or degrading components of extracellular matrix (various
hydrolases). Finally, the ability of Staph aureus to invade
mammalian cells may explain its capacity to colonise
tissues and to persist after bacteraemia.13 Staph aureus can
promote its endocytic uptake by epithelial or endothelial
cells. Staph aureus that has been internalised by cultured
osteoblasts can survive within the cells.14 Intracellular
www.thelancet.com Vol 364 July 24, 2004

For personal use. Only reproduce with permission from Elsevier Ltd

Seminar

Figure 3: Imaging procedures in osteomyelitis
A: Chronic osteomyelitis—SE T1-weighted MRI, coronal view of both legs (for comparison) after intravenous injection of gadolinium-DPTA, shows cortical
thickening, bone-marrow oedema, and a sequestrum (arrow) on the right tibia. B: Infected total hip prosthesis—in cases of suspected prosthetic infection, articular
fluid is aspirated before surgery for bacterial culture; this is followed by dye injection for better visualisation of the articular space and possible fistula. In this case,
arthrography shows a large periprosthetic abscess filled by contrast medium (arrows). The hip prosthesis is delineated. C: Vertebral osteomyelitis—MRI, sagittal view
on SE T1-weighted after intravenous injection of gadolinium-DPTA, shows on vertebrae Th12–L1 high-signal intensity of the bone marrow and an epidural
phlegmon (arrow). Images were provided by Prof Jean Garcia, Department of Radiology, University of Geneva Hospitals.

survival (sometimes in a metabolically altered state in
which they appear as so-called small-colony variants)
could explain the persistence of bone infections.15,16 Many
of these virulence factors have been cloned, sequenced,
and physically located on the chromosome map of
Staph aureus.17,18
Staph aureus and Staph epidermidis can also form
biofilms, which are difficult to treat with antimicrobial
agents.19 A biofilm is a microbial community characterised by cells that attach to substratum or interface or to
each other, embedded in a matrix of extracellular polymeric substance, and showing an altered phenotype in
terms of growth, gene expression, and protein production.20 Bacteria communicate with each other in biofilms
through small hormone-like compounds, and this cell-tocell signalling system is called quorum sensing. Biofilms
can act as a diffusion barrier to slow down the
penetration of antimicrobial agents and nutrients.
The inherent resistance of biofilms to antimicrobial
factors seems to be mediated by several factors including
low metabolic rates, adaptive stress responses, and
downregulated rates of cell division of the deeply
embedded microbes. Detection of differential gene
expression and proteomes in biofilm-forming versus
planktonic populations of Staph aureus is now providing
a much better insight into the role of biofilms in
osteomyelitis and prosthetic infections and could be the
target for the development of new chemotherapeutic
agents.21–28

Diagnostic procedures
Patients can present with a variety of symptoms ranging
from an open wound exposing fractured bone, an
indolent draining fistula, to no skin lesion, but local

swelling and bone pain tenderness on clinical
examination. Confirmation of osteomyelitis requires
several diagnostic procedures as described below.

Microbiology and histopathology
In osteomyelitis of any kind, the most important step is
to isolate the offending organisms so that the
appropriate antimicrobial therapy can be chosen.
Isolation can be achieved by blood cultures, generally
only in haematogenous osteomyelitis, or by direct
biopsy from the involved bone.29,30 Bone biopsy has to be
done under regional or general anaesthesia in some
patients, but its importance cannot be overemphasised.
Material taken from an open sinus tract by swabbing
will give misleading results because the isolates may
include non-pathogenic microorganisms that are
colonising the site. Whenever bone biopsies are done,
the samples should be processed for aerobic and
anaerobic cultures. Samples for mycobacterial and
fungal cultures should be taken and processed if
commonly cultured microorganisms are not present
and if the clinical features are compatible. In implantassociated infections, for maximum diagnostic yield,
deep specimens should be obtained from up to five sites
around the implant at debridement. Tissue specimens
obtained for histopathology either by biopsy or during
surgery as frozen section are also important because the
presence of neutrophils in significant amounts is
indicative of infection. More than five neutrophils per
high-power field indicates infection, with sensitivity of
43–84% and specificity of 93–97%.31,32 Visualisation of
granulatomatous lesions with positive Ziehl-Neelsen
staining leads to the diagnosis of mycobacterial
infection earlier than culture results.
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Although Staph aureus is the most commonly isolated
microorganism in most types of osteomyelitis, many
other microorganisms are isolated according to the type
of disease and epidemiological factors (table 1, figure 2).

Laboratory studies
The white-blood-cell count is not a reliable indicator and
can be normal even when infection is present. The
erythrocyte sedimentation rate is high in most cases, but
its kinetics are too slow for follow-up in osteomyelitis.
The concentration of C-reactive protein, synthesised by
the liver in response to any infection, appears more
reliable for follow-up of the response to treatment. The
concentration increases within hours of infection and
returns to normal within a week after adequate
treatment has begun in most cases.33 However, both
C-reactive protein concentration and erythrocyte
sedimentation rate may be higher than normal for
reasons other than osteomyelitis. Concentrations of
calcium, phosphate, and alkaline phosphatase are
normal in osteomyelitis, in contrast to metastatic or
some metabolic bone diseases.

Imaging procedures
The diagnosis of skeletal infection entails a variety of
imaging methods, but conventional radiography is
necessary at both presentation and follow-up. Plain
films show soft-tissue swelling, narrowing or widening
of joint spaces, bone destruction, and periosteal
reaction. Bone destruction, however, is not apparent on
plain films until after 10–21 days of infection.34–36
Ultrasonography can be useful for early diagnosis in
acute osteomyelitis or for detection of a purulent
collection in soft tissue.37,38
Both CT and MRI have excellent resolution power and
can reveal the destruction of medulla as well as
periosteal reaction, cortical destruction, articular
damage, and soft-tissue involvement, even when
conventional radiographs are normal (figure 3). CT is
prone to image degradation owing to artefacts caused by
the presence of bone or metal but is nevertheless useful
for guiding needle biopsy.39 In addition, CT provides
excellent definition of cortical bone and a fair
assessment of the surrounding soft tissues. It is
especially useful in identification of sequestra. MRI,
however, is more useful than CT for soft-tissue
assessment. MRI also reveals early bony oedema and is
therefore most useful for early detection of infection.
However, although MRI is very sensitive, it is not
helpful in assessing the response to therapy, given the
persistence of bone-marrow oedema for many months
despite microbiological cure.
Various radiopharmaceuticals are currently used for
bone scintigraphy. Methylene diphosphonate binds to
sites of increased bone metabolic activity and is highly
sensitive in the early detection of acute osteomyelitis.
Leucocyte scanning with radiolabelled blood cells
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(leucocytes or granulocytes labelled with indium-111 or
technetium-99m) or specific antibodies has been used
for imaging of infection with reported high sensitivity,
and especially specificity, but it is less commonly
used.40–43 The limited specificity of routine bone
scintigraphy should be mentioned because diabetic
(Charcot) arthropathy, gout, trauma, and surgery can
give false-positive results.
In positron emission tomography (PET) with fluorine18-fluoro-D-deoxyglucose (FDG), uptake of the agent
occurs in inflammatory cells (macrophages and
leucocytes). FDG PET combined with CT scan appears
particularly promising for delineation of lesions and
their concomitant inflammatory or infectious activity.44,45

Osteomyelitis secondary to a contiguous
infection
Chronic osteomyelitis, characterised by infected dead
bone and in most cases poor local vascularisation within
a compromised soft-tissue envelope, is difficult to
eradicate. Systemic symptoms generally subside, but
one or more foci in the bone still contain infected tissue,
or a sequestrum. The infected foci within the bone are
surrounded by sclerotic, avascular bone covered by a
thickened periosteum and scarred muscle and
subcutaneous tissue. This avascular envelope makes
systemic antibiotics essentially ineffective. Intermittent
exacerbations can occur for years and can respond
temporarily to antibiotics (figure 1).
If the radiograph is positive (figure 3A) for
osteomyelitis, the clinician should generally proceed
directly to bone biopsy for identification of the infecting
microorganism and its antimicrobial susceptibility.
False-negative results can be obtained because
osteomyelitis has a patchy distribution in bone.
Infection of bone lesions not covered by skin is
common. However, these lesions can be colonised by
bacteria that are not acting pathogenically. The results of
sinus-tract cultures do not usually correlate with those of
cultures obtained at bone biopsy but can be useful,
particularly when Staph aureus is isolated.46

Osteomyelitis secondary to vascular
insufficiency and diabetic foot infection
An estimated 15% or more of patients with diabetes will
have a foot problem during their lifetime, and in a small
but important proportion limb amputation will
eventually be necessary.6 The suspicion of osteomyelitis
should be raised in diabetic patients with soft-tissue
inflammation or skin ulcerations in the feet present for
a week or longer, especially if the lesions are on bony
prominences. Generally, patients have no fever and few
signs of inflammation. Physical examination should
include careful assessment of the vascular supply to the
affected limb and of any concomitant neuropathy. The
extent of vascular compromise can be assessed by
transcutaneous oximetry (once inflammation has been
www.thelancet.com Vol 364 July 24, 2004
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controlled) and by measurements of pulse pressure with
doppler ultrasonography. If severe ischaemia is
suspected, arteriography, including examination of the
foot vessels, should be undertaken. Osteomyelitis is
present when bone is exposed in the ulcer bed before or
after debridement, or if a gently advanced sterile
surgical probe reaches bone.6,47 The likelihood of
osteomyelitis is also greater with large or deep
ulcerations. Large amounts of pus can be clinically
undetected in the planes and spaces of the foot. In a case
of suspected early bone infection in which the clinical
presentation and examination do not establish the
diagnosis and the results of plain-film radiographs are
still normal, MRI can permit the detection or exclusion
of early infection. Changes on plain radiographs are a
later finding.
Microbiological diagnosis is best made by bone biopsy.
For digits or small bones, a needle aspirate can be a
helpful alternative. Several pathogenic bacteria can be
isolated. Staph aureus still predominates, but other
gram-positive or gram-negative aerobic or anaerobic
bacteria should be considered, because infection is the
only reversible process in many cases of this
multifactorial disease (figure 2).

Osteomyelitis associated with an infected
prosthesis
Because of the increasing numbers of implantations,
infections associated with prostheses have become more
common. More than a million hip replacements are
done each year worldwide, and the number of other
artificial joints (knees, elbows) inserted is also rising.
Several experimental studies and early clinical
experience have shown the high susceptibility to
infection after insertion of prosthetic devices, even when
microorganisms of low pathogenicity, such as Staph
epidermidis or Propionibacterium spp, are present.12 There
is general agreement that for hip surgery, an infection
rate of less than 1% should be achievable; for other
joints the rate is higher because of their proximity to the
skin surface and the more limited experience in joint
design. The risk of infection is highest during the first
2 years after implantation but persists at lower levels as
long as the prosthesis remains in place.32 The economic
burden to health-care systems associated with septic
prosthetic joints is very high and has been calculated to
be 5·3–7·2 times higher than for the primary
operations.48 Prosthesis removal, which is necessary for
cure in most cases, produces large skeletal defects,
shortening of the limb, and severe functional
impairment. Thus, the patient faces protracted stays in
hospital, much financial expense, and, most
distressingly, renewed disability and even death.
Most patients have little or no fever and present with a
painful, unstable joint on physical examination or
radiography, most commonly within the first few years
after implantation. Because of the difficulty in

distinguishing mechanical from infectious loosening, a
positive culture of fluid aspirated from the artificial
joint space preoperatively (figure 3B) or of bone (also
for histopathology) from the bone-cement interface
during surgery is required for diagnosis. Cultures of
several samples obtained from deep tissues are also
useful. Staph aureus or coagulase-negative staphylococci
account for more than 50% of the bacteria cultured
(figure 2).

Other types of osteomyelitis
The diagnosis of underlying bone infection in a
pressure sore should be considered whenever it does
not heal with conventional local treatment or after
removal of pressure.49,50 However, clinical assessment
of the depth of the sore or its duration is not helpful in
decisions on whether bone infection is present. Bone
scintigraphy is generally useful because of its high
negative predictive value (>90%), although the positive
predictive value is only around 80%.42,43 Gram-negative
bacilli, anaerobes, and streptococci are most commonly
cultured from infected bone. Histology and culture of
bone biopsy samples are the diagnostic gold standard;
bone biopsy is rarely associated with complications.
Various exceptional clinical situations should be kept
in mind. First, involvement of the sternoclavicular joint
area has been described in intravenous-drug users and
patients with indwelling intravenous devices. Second,
osteomyelitis of the calcaneus, commonly caused by
Pseudomonas aeruginosa, can follow apparently innocent
puncture wounds. Third, osteomyelitis of the sternum,
frequently due to coagulase-negative staphylococci, can
follow cardiac surgery. Fourth, acute multifocal
osteomyelitis is associated with skin disorders such as
acne conglobata or palmoplantar pustulosis and is
characterised by negative bone cultures and
spontaneous healing over a period of several months.
Lastly, although musculoskeletal complications of
AIDS are less common than thoracic or cerebral
infections, osteomyelitis is the most common
musculoskeletal complication in patients with HIV
infection or AIDS.51

Haematogenous osteomyelitis
Historically, haematogenous osteomyelitis has been
described in prepubertal children. It involves mostly the
metaphysis of long bones (particularly tibia and femur),
in most cases as a single focus. Although rare in adults,
it most frequently involves the vertebral bodies.
Bacteria causing this form of osteomyelitis (figure 2)
reflect essentially their frequency in blood as a function
of age.52,53 Thus, organisms most commonly encountered in neonates and infants include Staph aureus,
group-B streptococci, coagulase-negative staphylococci,
and various streptococci (table 1).52,54–56 Later in life, Staph
aureus predominates; in elderly people, who are
commonly subject to gram-negative bacteraemias,
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vertebral osteomyelitis can also be caused by gramnegative bacilli.57,58
The clinical features of haematogenous osteomyelitis
in long bones are typical: chills, fever, and malaise
reflect the bacteraemic spread of microorganisms as
shown by positive blood cultures; pain and local swelling
are the hallmarks of the local infectious process. Clinical
examination should include a search for bone
tenderness.

Vertebral osteomyelitis
Vertebral osteomyelitis is most frequently of the
haematogenous type and generally involves the lower
dorsal or lumbar spine; involvement of the cervical
spine is a rare, but well-described, clinical entity.59 The
disease mostly presents in adults as a febrile lumbago
or torticollis. An arterial route5 is believed to be the
most likely route of infection: since the segmental
arteries supplying the vertebrae generally bifurcate to
supply both adjacent bony segments, the disease
involves two adjacent vertebrae and subsequently their
intervertebral disc. In some patients, at least,
inflammation of the disc occurs before vertebral
infection.5 Plain radiographs are normal on admission,
but abnormalities by bone scintigraphy or MRI are early
clues to the diagnosis and appear within days; later,
narrowing of the disc space, mottled destruction of
adjacent vertebral plateaus, and anterior bridging are
observed (figure 3C).
Because many organisms can cause this type of
disease, needle biopsy under CT guidance has become
the diagnostic procedure of choice. In addition to
aerobic and anaerobic bacterial cultures, the samples
should be sent for fungal and mycobacterial culture as
well as for histology. If the first set of cultures is
negative, an open surgical biopsy should be considered
before therapy is started. Complications, including softtissue extension, paraspinal abscess, and cord
compression have to be regularly watched for;
emergency decompression may be dictated by the
clinical and radiographic findings.

Skeletal tuberculosis
The haematogenous spread of Myobacterium
tuberculosis early in the course of a primary infection
can lead to skeletal tuberculosis. Rarely, it is a
contiguous infection from an adjacent caseating lymph
node. Any bone can be involved in skeletal tuberculosis,
but the infection generally involves one site. In children
and adolescents, the metaphysis of a long bone is most
frequently infected. In adults, the axial skeleton is most
commonly involved, followed by the proximal femur,
knee, and small bones of the hands and feet. In the
axial skeleton, the thoracic vertebral bodies are the most
frequent site, followed by the lumbar and cervical
vertebral bodies. Vertebral infection generally begins in
the anterior portion of a vertebral body and is adjacent
374

to an intervertebral disc. The infection produces
destruction of the nearby bone and the intervertebral
disc. Adjacent vertebral bodies can become involved,
and a paravertebral abscess might develop. Tubercular
spondylitis progresses slowly over years. 60% of
patients with skeletal tuberculosis have evidence of
extraosseous tuberculosis.60
Tissue for culture and histology is almost always
required for the diagnosis of skeletal tuberculosis.
Cultures for M tuberculosis are positive in about 60% of
patients. But since weeks may be required for the
growth and identification of the organism,61,62
granulomatous tissue with positive Ziehl-Neelsen
staining is sufficient for therapy to begin. Treatment for
skeletal tuberculosis involves long courses of
chemotherapy and in some cases surgical debridement.

Medical management of osteomyelitis
General principles in prevention and treatment of
osteomyelitis
Antibiotic prophylaxis has been used successfully to
prevent wound infections after surgery for noncompound hip fractures63,64 and in the placement of
total hip and knee prostheses. Standard preoperative
preparations (including antimicrobial shower, shaving,
and soap-disinfectants),65 the use of surgical rooms with
laminar air flow,66,67 and prophylactic antibiotic
treatment have decreased the infection rate after the
placement of prostheses to 0·5–2·0% depending on the
type of joint replacement.
In patients undergoing clean bone surgery,
antibiotics should be administered intravenously from
30 min before skin incision68 to no longer than 24 h
after the operation. In surgery for closed fractures,
antistaphylococcal penicillins or first-generation
(cefazolin), or second-generation (cefamandole and
cefuroxime) cephalosporins decrease the rates of
postoperative infection.
Open fractures69–72 are a special case. In patients who
can receive antibiotics within 6 h of injury and who
receive prompt operative treatment, administration of
antistaphylococcal penicillins or first-generation or
second-generation cephalosporins for 24 h is appropriate.
Antimicrobial therapy should be followed by close
observation and treatment with appropriate antibiotics
and surgery if postoperative infection is diagnosed.
Complex fractures with extensive soft-tissue damage
require broader antibiotic therapy for longer periods.
A combined antimicrobial and surgical approach
should be considered in all cases of osteomyelitis;
whereas for haematogenous osteomyelitis surgery is
generally unnecessary, at the other end of the range of
disease (eg, an infected fracture), cure can be achieved
with little antibiotic treatment provided that necrotic
bone and foreign material is removed. In any case, if
signs of infection do not abate after a week of antibiotic
therapy, possible complications should be considered,
www.thelancet.com Vol 364 July 24, 2004
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such as the presence of a subcutaneous, subperiosteal,
or intramedullary abscess, the formation of sequestra,
or the presence of foreign material. In most cases,
surgical intervention solves this problem more radically
than a switch to other antibiotics, provided that
adequate microbiological results have led to appropriate
initial antimicrobial chemotherapy.73

Selection of antimicrobial therapy and routes of
administration
Antimicrobial therapy is adequate for the treatment of
most cases of acute osteomyelitis of any type. A
conventional choice of antimicrobial agents for the most
commonly encountered microorganisms is given in
table 2.7,74,75 Single-agent antimicrobial therapy is
generally adequate for the treatment of osteomyelitis
except for infections of prosthetic joints (for which an
antimicrobial combination including rifampicin is
commonly used) and chronic osteomyelitis. As a general
principle, these antibiotics should be given for
4–6 weeks, if possible by the intravenous route. Where
quinolones are used, an early switch to oral
administration is appropriate.
Clindamycin has excellent bone penetration and oral
bioavailability; it is recommended for long-term oral
therapy in infections with susceptible organisms, either
alone or in combination. The fluoroquinolones have
gained popularity in recent years because of their
excellent oral bioavailability; they are efficient in
experimental infections and in selected infections in
adults.76,77
Although
their
efficacy
against
Enterobacteriaceae is undisputed, an advantage over
conventional therapy for infections with Pseudomonas
aeruginosa, Serratia spp, and Staph aureus has yet to be
shown in controlled studies.
The treatment currently recommended for
osteomyelitis caused by Staph aureus is a long course of
a parenterally administered semisynthetic penicillin or
vancomycin. However, this treatment carries risks of
complications associated with a long stay in hospital and
adverse events due to the use of intravenous catheters,
as well as associated personal and economic costs from
the extended hospital stay. Several studies have shown
that oral treatment with rifampicin in combination with
ciprofloxacin, ofloxacin, or fusidic acid78–81 is effective in
bone staphylococcal infections in the presence of
implants or prosthetic joints. We emphasise that the use
of rifampicin in combination with quinolones is
applicable only to organisms that are susceptible to both
of these agents. The main advantage of the combination
of quinolone and rifampicin is its excellent bioavailability, which allows oral administration, and the serum
concentrations achieved are similar to those obtained
during intravenous therapy. In addition, both drugs
show good intracellular penetration and activity against
intracellular and biofilm-associated staphylococci.82–84
They can be given for long periods with good

Microorganisms isolated

Treatment of choice

Penicillin-sensitive Staph aureus

Benzylpenicillin
(12–20 million units daily)

Alternatives

Cefazolin (1 g every 6 h)
Clindamycin (600 mg every 6 h)
Vancomycin (1 g every 12 h)
Penicillin-resistant Staph aureus Nafcillin* (1·0 or 1·5 g
Second-generation cephalosporin (eg,
every 4–6 h) or cefazolin
cefuroxime, cefamandole)
(2 g every 8 h)
Clindamycin (600 mg every 6 h)
Vancomycin (1 g every 12 h)
Ciprofloxacin (750 mg orally every 12 h) or
levofloxacin in combination with rifampicin
(600 mg per day) is also frequently used
Meticillin-resistant Staph aureus† Vancomycin (1 g every 12 h) Teicoplanin (400 g every 24 h, first day every 12 h)
Various streptococci (group A or Benzylpenicillin
Clindamycin (600 mg every 6 h)
B !-haemolytic; Strep
(12–20 million units daily) Erythromycin (500 mg every 6 h)
pneumoniae)
Vancomycin (1 g every 12 h)
Enteric gram-negative bacilli
Quinolone (eg, ciprofloxacin, Third-generation cephalosporin (eg, ceftriaxone 2 g
400–750 mg every 12 h,
every 24 h; cefepime)
with early switch to oral)
Serratia sp; Pseudomonas
Piperacillin‡ (2–4 g every 4 h) Cefepime 2 g every 12 h‡ or a quinolone and
aeruginosa
and aminoglycosides
aminoglycosides (according to sensitivity, one daily
dose)
Anaerobes
Clindamycin
Ampicillin-sulbactam (2 g every 8 h)
(600 mg every 6 h)
Metronidazole for gram-negative anaerobes
(500 mg every 8 h)
Mixed infection (aerobic and
Ampicillin-sulbactam
Imipenem (500 mg every 6 h)¶
anaerobic microorganisms)
(2–3 g every 6–8 h)§
All doses are given for normal renal/hepatic function and should be adjusted in renal or hepatic failure. Treatment is intravenous
unless stated otherwise. Teicoplanin is presently available only in Europe. *Flucloxacillin, oxacillin, or cloxacillin in Europe. †Most
coagulase-negative staphylococci are meticillin-resistant and treated with vancomycin or teicoplanin. ‡Depends on sensitivities;
a fourth-generation cephalosporin (cefepime), piperacillin/tazobactam, meropenem, and imipenem are useful alternatives.
§Amoxicillin-clavulanate in Europe (1·2–2·2 g every 6–8 h). ¶In cases of aerobic gram-negative microorganisms resistant to
amoxicillin-clavulanate.

Table 2: Antibiotic treatment of osteomyelitis in adults

therapeutic results in chronic infections. Quinolones
inhibit fracture healing, but the clinical significance of
this observation is not known.85 Parenteral therapy of
Staph aureus osteomyelitis remains the approach of
choice until more comparative studies are completed.
In haematogenous osteomyelitis of childhood, shorter
courses of parenterally administered antibiotics followed
by oral therapy for several weeks give an equal success
rate; provided that the organism is known and
adherence with treatment is good, the clinical signs
abate rapidly.86,87
Several studies have shown the effectiveness of longterm oral therapy in adult chronic osteomyelitis; most of
these studies used trimethoprim-sulfamethoxazole (cotrimoxazole) or quinolones, and the duration of therapy
ranged from 6 weeks to 24 weeks.77,88
Another approach that has gained acceptance because
of its lower cost is parenteral administration of
antibiotics on an outpatient basis.73,89 Ceftriaxone
penetrates bone at about 10–20% of serum concentrations (as do other beta-lactams). Administration of
ceftriaxone intravenously gives very high serum
concentrations, so the concentrations in bone far exceed
the minimum inhibitory concentration of susceptible
isolates. The long serum and bone half-life allow oncedaily dosing, a useful feature for outpatient parenteral
therapy. This convenience makes inclusion of
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ceftriaxone for Staph aureus bone infection useful,
although it is not a primary agent for this indication and
has a broader range than is desirable.73 Nosocomial
infections with meticillin-resistant Staph aureus (MRSA)
or multidrug-resistant gram-negative bacilli necessitate
long-term intravenous therapy with glycopeptides or
broad-spectrum antibiotics (table 2).90 For this purpose,
continuous perfusions of vancomycin in the setting of
outpatient parenteral therapy are a promising approach
in MRSA osteomyelitis.91,92 Linezolid is a new agent for
MRSA, but experience is limited in osteomyelitis.93–96

Surgical management of osteomyelitis
Chronic osteomyelitis
Chronic osteomyelitis generally cannot be eradicated
without surgical treatment. The goal of surgery is to
achieve a viable vascularised environment and
eliminate dead bone, which acts as foreign material.
Radical debridement down to living bone is required to
achieve this aim in many cases. Inadequate
debridement is one cause of high recurrence rates in
chronic osteomyelitis. Surgery for chronic osteomyelitis
consists therefore of removal of sequestra and resection
of scarred and infected bone and soft tissue.97,98 When
consolidation of a fracture has not yet occurred, full
mechanical recovery can be achieved despite sepsis
with local fixation material (which can be removed after
consolidation), complemented by a short course of
antibiotics.
Adequate debridement can leave a large dead space
that must be managed to prevent recurrence and a
significant bone loss that might result in bone
instability. Appropriate reconstruction of both the bone
and soft-tissue defects may be needed. A detailed
radiological assessment should be made. The curative
procedure should be done by a team including expertise
in infectious diseases, radiology, orthopaedic surgery,
and plastic surgery, especially of coverage techniques,
such as skin grafts, muscle and myocutaneous flaps,
and free flaps.99
Several techniques have been successful when
properly carried out, but they require meticulous
surgical technique.100 The methods described to
eliminate dead space can be summarised in five groups.
The first is bone grafting with primary or secondary
closure with cancellous bone that can quickly become
revascularised; the bone fragments can also become
incorporated into the final bone structure. In the
Papineau technique, the wound is left open after bone
grafting to allow the growth of granulation tissue before
closure. These grafting procedures still have a
substantial failure rate owing to resorption of the bone
graft in the presence of persistent local infection. The
second approach is use of antibiotic polymethylmethacrylate beads as a temporary filler of the dead
space before reconstruction. Third, use of grafting of
local muscle flaps and skin with or without bone376

revascularisation procedures is the best means of
fighting recurrent infection and approaches involving
local pedicle muscle flaps and myocutaneous flaps are
now those most frequently used. Local muscle flaps are
limited by the availability of adjacent muscle but provide
an intact vascular supply. Myocutaneous flaps have the
advantage of providing vascular supply to both the
muscle and the overlying skin. Increasingly,
microsurgically transplanted (or free-tissue) muscle
flaps are being used in areas such as the distal tibia
where there is no appropriate muscle. The last two
approaches are microvascular transfer of muscle and
myocutaneous, osseous, or osteocutaneous flaps and the
use of bone transport to fill large bone defects and avoid
amputations. In the Ilizarov technique,101,102 the resection
of diseased tissue and bone creates a gap partially filled
by a well-vascularised bone segment. Transfer of the
bone graft leads to progressive local generation of new
bone. This is a complex and expensive procedure, more
popular in Europe than in the USA.1 Alternatively,
recent experience with the microvascular transfer of
fibular grafts and composite osteocutaneous iliac flaps
into infected areas of bone has shown that massive
autogenous bone grafting with an intact vascular pedicle
decreases the time needed for bone union and shortens
the period of immobilisation.

Vertebral osteomyelitis
Surgical intervention is limited to the management of
complications or for therapy failure. It is undertaken
mainly to relieve compression of the spinal cord or to
drain epidural or paravertebral abscesses and to improve
spinal stability.

Diabetes foot infection
The treatment depends on the vascularisation of tissue
at the infected site, the extent of local infection, and the
patient’s preference.96 Surgery to restore vascularisation
can be useful before amputation is considered. Longterm oral antibiotic suppression to delay or obviate
amputation is also an option. There is no definitive
evidence that hyperbaric oxygen is effective in this
setting. Debridement and a 4–6-week course of
antimicrobial therapy can benefit a patient who has good
oxygen tension at the infected site, particularly if the
identity of the pathogen has been established.103 In the
absence of good oxygen tension, the wound fails to heal,
and amputation of the infected foot is eventually
necessary. Resection of chronic osteomyelitic bone is
therefore frequently used. Choices are digital resection,
transmetatarsal amputation, and disarticulation at the
midfoot, with the aim of allowing the patient to walk
without an orthosis.

Prosthetic-joint infections
Treatment depends on the anatomical location of the
prosthesis and the type of underlying disease. The basic
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rule is to remove the device. A classic approach for
prosthetic infection, well documented for hip infections
and by extension for other prosthetic joints, is a twostage exchange arthroplasty. It entails the surgical
removal of all foreign material, debridement of the bone
and soft tissues, and 4–6 weeks of parenteral
antimicrobial therapy before reconstruction.104 In onestage exchange arthroplasty, a new prosthesis is
immediately inserted. Practitioners of the one-stage
technique always use cement containing an
antimicrobial drug, which may contribute to the high
success rate reported with this procedure. Nevertheless,
one-stage arthroplasty carries a higher risk of recurrent
infection than the two-stage procedure and is used only
in hip prosthetic infection.31 For other prosthetic joints
(knee, shoulder, elbow), two-stage exchange with the use
of antibiotic-loaded cement is preferred.
Exceptions to exchange arthroplasty, allowing cure
with antibiotics alone and leaving the prosthetic material
locally, include situations involving a stable hip
prosthesis infected with very sensitive microorganisms
such as streptococci or the early diagnosis of devicerelated infections with staphylococci, which have been
reported to be cured by debridement alone followed by
several months of treatment with oral quinolones and
rifampicin.48,81 This approach has been particularly
useful in elderly patients because of their higher
morbidity and mortality, particularly morbidity
secondary to exchange arthroplasty surgery and
concomitant long hospital stays.48,92

Conclusions
Greater awareness, new diagnostic methods, and better
treatment for people with ready access to modern health
care have led to a decrease in the rate of treatment
failure in acute osteomyelitis. Sequelae have become less
frequent. Infection control strategies and prophylactic
antibiotics have further lowered the rate of postoperative
infection. However, the large increase in reconstructive
orthopaedic procedures with prosthetic materials will
increase the overall number of infections, because no
preventive measure is likely to lower the rate of
infections below 0·5%. New materials for reconstruction
are needed to combine excellent mechanical with
bacterial antiadhesive properties and to approximate
more closely the extracellular matrix. In chronic
osteomyelitis, new surgical approaches combining
orthopaedic, plastic surgery, and vascular techniques are
necessary. Further research is also required to identify
new biological factors that promote bone growth, to
allow more rapid new bone formation, shorten the
period of vulnerability to infection, and permit faster
recovery after surgery.
Osteomyelitis entails a major financial burden and
substantially affects quality of life. An open dialogue
between patient and doctor is essential in the treatment
of this disease, based on a clear medical understanding

of the risks, costs, and chances of success of treatment
options.
Conflict of interest statement
None declared.
Acknowledgments
This work was supported by research grants PP00B-103002/1,
63257950.099, 3200BO-103951, 632-57950.099, and 3100AO-100425/1
from the Swiss National Science Foundation. The funding sources had
no role in the design or writing of the report. We thank Begonia Lago
and Paule Kimotonke for their excellent secretarial assistance.
References
1
Lew DP, Waldvogel FA. Osteomyelitis. N Engl J Med 1997; 336:
999–1007.
2
Mader JT, Calhoun J. General concept of osteomyelitis. In:
Mandell GL, Bennett JE, Dolin R, eds. Principles and practice of
infectious diseases.5th edn. Philadelphia: Churchill Livingstone,
2000: 1182–96.
3
Waldvogel FA, Medoff G, Swartz MN. Osteomyelitis: a review of
clinical features, therapeutic considerations and unusual aspects:
3. osteomyelitis associated with vascular insufficiency. N Engl J
Med 1970; 282: 316–22.
4
Waldvogel FA, Vasey H. Osteomyelitis: the past decade. N Engl J
Med 1980; 303: 360–70.
5
Jauregui LE, Senour CL. In: Jauregui LE, ed. Diagnosis and
management of bone infections. New York: Marcel Dekker, 1995:
37–108.
6
Caputo GM, Cavanagh PR, Ulbrecht JS, Gibbons GW,
Karchmer AW. Assessment and management of foot disease in
patients with diabetes. N Engl J Med 1994; 331: 854–60.
7
Norden C, Nelson JD, Mader JT, Calandra GB. Evaluation of new
anti-infective drugs for the treatment of infections of prosthetic hip
joints. Clin Infect Dis 1992; 15 (suppl 1): S177–81.
8
Cierny G, Mader JT, Penninck JJ. A clinical staging system for
adult osteomyelitis. Contemp Orthop 1985; 10: 17–37.
9
Manolagas SC. Birth and death of bone cells: basic regulatory
mechanisms and implications for the pathogenesis and treatment
of osteoporosis. Endocr Rev 2000; 21: 115–37.
10 Klosterhalfen B, Peters KM, Tons C, Hauptmann S, Klein CL,
Kirkpatrick CJ. Local and systemic inflammatory mediator release
in patients with acute and chronic posttraumatic osteomyelitis.
J Trauma 1996; 40: 372–78.
11 Manolagas SC, Jilka RL. Bone marrow, cytokines, and bone
remodeling: emerging insights into the pathophysiology of
osteoporosis. N Engl J Med 1995; 332: 305–11.
12 Vaudaux P, Francois P, Lew DP, Waldvogel FA. Host factors
predisposing to and influencing therapy of foreign body infections.
In: Waldvogel FA, Bisno AL, eds. Infections associated with
indwelling medical devices, 3rd edn. Washington: ASM Press,
2000: 1–26.
13 Sinha B, Francois PP, Nusse O, et al. Fibronectin-binding protein
acts as Staphylococcus aureus invasin via fibronectin bridging to
integrin alpha5beta1. Cell Microbiol 1999; 1: 101–17.
14 Hudson MC, Ramp WK, Nicholson NC, Williams AS,
Nousiainen MT. Internalization of Staphylococcus aureus by
cultured osteoblasts. Microb Pathog 1995; 19: 409–19.
15 Proctor RA, van Langevelde P, Kristjansson M, Maslow JN,
Arbeit RD. Persistent and relapsing infections associated with
small-colony variants of Staphylococcus aureus. Clin Infect Dis 1995;
20: 95–102.
16 Baumert N, von Eiff C, Schaaff F, Peters G, Proctor RA, Sahl HG.
Physiology and antibiotic susceptibility of Staphylococcus aureus
small colony variants. Microb Drug Resist 2002; 8: 253–60.
17 Baba T, Takeuchi F, Kuroda M, et al. Genome and virulence
determinants of high virulence community-acquired MRSA.
Lancet 2002; 359: 1819–27.
18 Kuroda M, Ohta T, Uchiyama I, et al. Whole genome sequencing
of meticillin-resistant Staphylococcus aureus. Lancet 2001; 357:
1225–40.
19 Costerton W, Veeh R, Shirtliff M, Pasmore M, Post C, Ehrlich G.
The application of biofilm science to the study and control of
chronic bacterial infections. J Clin Invest 2003; 112: 1466–77.

www.thelancet.com Vol 364 July 24, 2004

377

For personal use. Only reproduce with permission from Elsevier Ltd

Seminar

20
21
22

23

24

25

26

27

28
29

30
31

32

33

34

35
36

37

38

39

40

41

42
43

378

Stewart PS. Mechanisms of antibiotic resistance in bacterial
biofilms. Int J Med Microbiol 2002; 292: 107–13.
Shirtliff ME, Mader JT, Camper AK. Molecular interactions in
biofilms. Chem Biol 2002; 9: 859–71.
Francois P, Tu Quoc PH, Bisognano C, et al. Lack of biofilm
contribution to bacterial colonisation in an experimental model of
foreign body infection by Staphylococcus aureus and Staphylococcus
epidermidis. FEMS Immunol Med Microbiol 2003; 35: 135–40.
Becker P, Hufnagle W, Peters G, Herrmann M. Detection of
differential gene expression in biofilm-forming versus planktonic
populations of Staphylococcus aureus using micro-representationaldifference analysis. Appl Environ Microbiol 2001; 67: 2958–65.
Beenken KE, Blevins JS, Smeltzer MS. Mutation of sarA in
Staphylococcus aureus limits biofilm formation. Infect Immun 2003;
71: 4206–11.
Vilain S, Cosette P, Zimmerlin I, Dupont JP, Junter GA,
Jouenne T. Biofilm proteome: homogeneity or versatility?
J Proteome Res 2004; 3: 132–26.
Vandecasteele SJ, Peetermans WE, Merckx R, Van Eldere J.
Expression of biofilm-associated genes in Staphylococcus epidermidis
during in vitro and in vivo foreign body infections. J Infect Dis
2003; 188: 730–37.
Roberts ME, Stewart PS. Modeling antibiotic tolerance in biofilms
by accounting for nutrient limitation. Antimicrob Agents Chemother
2004; 48: 48–52.
Yarwood JM, Schlievert PM. Quorum sensing in Staphylococcus
infections. J Clin Invest 2003; 112: 1620–25.
Howard CB, Einhorn M, Dagan R, Yagupski P, Porat S. Fineneedle bone biopsy to diagnose osteomyelitis. J Bone Joint Surg Br
1994; 76: 311–14.
Jacobson IV, Sieling WL. Microbiology of secondary osteomyelitis:
value of bone biopsy. S Afr Med J 1987; 72: 476–77.
Abdul-Karim FW, McGinnis MG, Kraay M, Emancipator SN,
Goldberg V. Frozen section biopsy assessment for the presence of
polymorphonuclear leukocytes in patients undergoing revision of
arthroplasties. Mod Pathol 1998; 11: 427–31.
Steckelberg JM, Osmon DR. Prosthetic joint infections. In:
Waldvogel FA, Bisno AL, eds. Infections associated with
indwelling medical devices, 3rd edn. Washington: ASM Press,
2000: 173–210.
Unkila-Kallio L, Kallio MJ, Eskola J, Peltola H. Serum C-reactive
protein, erythrocyte sedimentation rate, and white blood cell count
in acute hematogenous osteomyelitis of children. Pediatrics 1994;
93: 59–62.
Gold RH, Hawkins RA, Katz RD. Bacterial osteomyelitis: findings
on plain radiography, CT, MR, and scintigraphy.
AJR Am J Roentgenol 1991; 157: 365–70.
Kaim AH, Gross T, von Schulthess GK. Imaging of chronic
posttraumatic osteomyelitis. Eur Radiol 2002; 12: 1193–202.
Santiago Restrepo C, Gimenez CR, McCarthy K. Imaging of
osteomyelitis and musculoskeletal soft tissue infections: current
concepts. Rheum Dis Clin North Am 2003; 29: 89–109.
Kaiser S, Rosenborg M. Early detection of subperiosteal abscesses
by ultrasonography: a means for further successful treatment in
pediatric osteomyelitis. Pediatr Radiol 1994; 24: 336–39.
Mah ET, LeQuesne GW, Gent RJ, Paterson DC. Ultrasonic features
of acute osteomyelitis in children. J Bone Joint Surg Br 1994; 76:
969–74.
Santiago Restrepo C, Gimenez CR, McCarthy K. Imaging of
osteomyelitis and musculoskeletal soft tissue infections: current
concepts. Rheum Dis Clin North Am 2003; 29: 89–109.
Oyen WJ, van Horn JR, Claessens RA, Slooff TJ, van der Meer JW,
Corstens FH. Diagnosis of bone, joint, and joint prosthesis
infections with In-111-labeled nonspecific human immunoglobulin
G scintigraphy. Radiology 1992; 182: 195–99.
Mudun A, Unal S, Aktay R, Akmehmet S, Cantez S. Tc-99m
nanocolloid and Tc-99m MDP three-phase bone imaging in
osteomyelitis and septic arthritis: a comparative study.
Clin Nucl Med 1995; 20: 772–78.
Peters AM. The use of nuclear medicine in infections. Br J Radiol
1998; 71: 252–61.
Tumeh SS, Tohmeh AG. Nuclear medicine techniques in septic
arthritis and osteomyelitis. Rheum Dis Clin North Am 1991; 17:
559–83.

44

45

46
47

48

49
50

51

52

53

54
55

56
57

58

59

60

61

62

63

64
65

66

67

Robiller FC, Stumpe KD, Kossmann T, Weisshaupt D, Bruder E,
von Schulthess GK. Chronic osteomyelitis of the femur: value of
PET imaging. Eur Radiol 2000; 10: 855–58.
Schmitz A, Kalicke T, Willkomm P, Grunwald F, Kandyba J,
Schmitt O. Use of fluorine-18 fluoro-2-deoxy-D-glucose positron
emission tomography in assessing the process of tuberculous
spondylitis. J Spinal Disord 2000; 13: 541–44.
Mackowiak PA, Jones SR, Smith JW. Diagnostic value of sinustract cultures in chronic osteomyelitis. JAMA 1978; 239: 2772–75.
Grayson ML, Gibbons GW, Balogh K, Levin E, Karchmer AW.
Probing to bone in infected pedal ulcers: a clinical sign of
underlying osteomyelitis in diabetic patients. JAMA 1995; 273:
721–23.
Fisman DN, Reilly DT, Karchmer AW, Goldie SJ. Clinical
effectiveness and cost-effectiveness of 2 management strategies for
infected total hip arthroplasty in the elderly. Clin Infect Dis 2001;
32: 419–30.
Sugarman B. Pressure sores and underlying bone infection.
Arch Intern Med 1987; 147: 553–55.
Darouiche RO, Landon GC, Klima M, Musher DM, Markowski J.
Osteomyelitis associated with pressure sores. Arch Intern Med
1994; 154: 753–58.
Biviji AA, Paiement GD, Steinbach LS. Musculoskeletal
manifestations of human immunodeficiency virus infection.
J Am Acad Orthop Surg 2002; 10: 312–20.
Wong M, Isaacs D, Howman-Giles R, Uren R. Clinical and
diagnostic features of osteomyelitis occurring in the first three
months of life. Pediatr Infect Dis J 1995; 14: 1047–53.
Bonhoeffer J, Haeberle B, Schaad UB, Heininger U. Diagnosis of
acute haematogenous osteomyelitis and septic arthritis: 20 years
experience at the University Children’s Hospital Basel.
Swiss Med Wkly 2001; 131: 575–81.
Narang A, Mukhopadhyay K, Kumar P, Bhakoo ON. Bone and joint
infection in neonates. Indian J Pediatr 1998; 65: 461–64.
Eggink BH, Rowen JL. Primary osteomyelitis and suppurative
arthritis caused by coagulase-negative staphylococci in a preterm
neonate. Pediatr Infect Dis J 2003; 22: 572–73.
Parsch K, Savvidis E. [Coxitis in the newborn infant and infant.
Diagnosis and therapy]. Orthopäde 1997; 26: 838–47.
Nolla JM, Ariza J, Gomez-Vaquero C, et al. Spontaneous pyogenic
vertebral osteomyelitis in nondrug users. Semin Arthritis Rheum
2002; 31: 271–78.
Patzakis MJ, Rao S, Wilkins J, Moore TM, Harvey PJ. Analysis
of 61 cases of vertebral osteomyelitis. Clin Orthop 1991; 264:
178–83.
Beronius M, Bergman B, Andersson R. Vertebral osteomyelitis in
Goteborg, Sweden: a retrospective study of patients during
1990–95. Scand J Infect Dis 2001; 33: 527–32.
Falk A. Results of long-term chemotherapy in spinal tuberculosis.
XVII: a follow-up study of 235 patients. Am Rev Respir Dis 1967; 95:
1–5.
Wallace R, Cohen AS. Tuberculous arthritis: a report of two cases
with review of biopsy and synovial fluid findings. Am J Med 1976;
61: 277–82.
Gorse GJ, Pais MJ, Kusske JA, Cesario TC. Tuberculous
spondylitis: a report of six cases and a review of the literature.
Medicine (Baltimore) 1983; 62: 178–93.
Boxma H, Broekhuizen T, Patka P, Oosting H. Randomised
controlled trial of single-dose antibiotic prophylaxis in surgical
treatment of closed fractures: the Dutch Trauma Trial. Lancet 1996;
347: 1133–37.
Norden CW. Antibiotic prophylaxis in orthopedic surgery.
Rev Infect Dis 1991; 13 (suppl 10): S842–46.
Lew D, Pittet D, Waldvogel FA. Infections that complicate the
insertion of prosthetic devices. In: Mayhall CG, ed. Hospital
epidemiology and infection control, 3rd edn. Philadelphia:
Lippincott Williams & Wilkins 2004: 1181–205.
Charnley J. Postoperative infection after total hip replacement with
special reference to air contamination in the operating room.
Clin Orthop 1972; 87: 167–87.
Lew DP, Pittet D, Waldvogel FA. Infections that complicate the
insertion of prosthetic devices. In: Mayhall CG, ed. Hospital
epidemiology and infection control, 2nd edn. Philadelphia:
Lippincott Williams & Wilkins, 1999: 937–58.

www.thelancet.com Vol 364 July 24, 2004

For personal use. Only reproduce with permission from Elsevier Ltd

Seminar

68

69

70

71
72

73

74

75

76
77

78

79

80

81

82

83

84

85

Classen DC, Evans RS, Pestotnik SL, Horn SD, Menlove RL,
Burke JP. The timing of prophylactic administration of antibiotics
and the risk of surgical-wound infection. N Engl J Med 1992; 326:
281–86.
Alonge TO, Ogunlade SO, Salawu SA, Fashina AN. Microbial
isolates in open fractures seen in the accident and emergency unit
of a teaching hospital in a developing country. West Afr J Med 2002;
21: 302–04.
Alonge TO, Salawu SA, Adebisi AT, Fashina AN. The choice of
antibiotic in open fractures in a teaching hospital in a developing
country. Int J Clin Pract 2002; 56: 353–56.
Brook I, Frazier EH. Aerobic and anaerobic microbiology of
infection after trauma. Am J Emerg Med 1998; 16: 585–91.
Gosselin R, Roberts I, Gillespie W. Antibiotics for preventing
infection in open limb fractures (Cochrane review) In:
The Cochrane Library, issue 1. Oxford: Update Software, 2004:
CD003764.
Tice AD, Hoaglund PA, Shoultz DA. Outcomes of osteomyelitis
among patients treated with outpatient parenteral antimicrobial
therapy. Am J Med 2003; 114: 723–28.
Mader JT, Norden C, Nelson JD, Calandra GB. Evaluation of new
anti-infective drugs for the treatment of osteomyelitis in adults.
Clin Infect Dis 1992; 15 (suppl 1): S155–61.
Stengel D, Bauwens K, Sehouli J, Ekkernkamp A, Porzsolt F.
Systematic review and meta-analysis of antibiotic therapy for bone
and joint infections. Lancet Infect Dis 2001; 1: 175–88.
Lew DP, Waldvogel FA. Use of quinolones in osteomyelitis and
infected orthopaedic prosthesis. Drugs 1999; 58 (suppl 2): 85–91.
Bernard L, Waldvogel FA, Lew DP. Treatment of osteomyelitis and
septic arthritis. In: Hooper DC, Rubinstein E, eds. Quinolone
antimicrobial agents, 3rd edn. Washington: ASM Press, 2003:
251–58.
Drancourt M, Stein A, Argenson JN, Roiron R, Groulier P,
Raoult D. Oral treatment of Staphylococcus spp. infected
orthopaedic implants with fusidic acid or ofloxacin in
combination with rifampicin. J Antimicrob Chemother 1997; 39:
235–40.
Drancourt M, Stein A, Argenson JN, Zannier A, Curvale G,
Raoult D. Oral rifampin plus ofloxacin for treatment of
Staphylococcus-infected orthopedic implants.
Antimicrob Agents Chemother 1993; 37: 1214–18.
Stein A, Drancourt M, Raoult D. Ambulatory management of
infected orthopedic implants. In: Waldvogel FA, Bisno AL, eds.
Infections associated with indwelling medical devices, 3rd edn.
Washington: ASM Press, 2000: 211–30.
Zimmerli W, Widmer AF, Blatter M, Frei R, Ochsner PE. Role of
rifampin for treatment of orthopedic implant-related staphylococcal
infections: a randomized controlled trial. JAMA 1998; 279:
1537–41.
Chuard C, Herrmann M, Vaudaux P, Waldvogel FA, Lew DP.
Successful therapy of experimental chronic foreign-body infection
due to methicillin-resistant Staphylococcus aureus by antimicrobial
combinations. Antimicrob Agents Chemother 1991; 35: 2611–16.
Widmer AF, Gaechter A, Ochsner PE, Zimmerli W. Antimicrobial
treatment of orthopedic implant-related infections with rifampin
combinations. Clin Infect Dis 1992; 14: 1251–53.
Schwank S, Rajacic Z, Zimmerli W, Blaser J. Impact of bacterial
biofilm formation on in vitro and in vivo activities of antibiotics.
Antimicrob Agents Chemother 1998; 42: 895–98.
Perry AC, Prpa B, Rouse MS, et al. Levofloxacin and trovafloxacin
inhibition of experimental fracture-healing. Clin Orthop 2003:
95–100.

86

87

88

89

90

91

92

93

94

95

96

97

98

99
100

101
102

103

104

Jaberi FM, Shahcheraghi GH, Ahadzadeh M. Short-term
intravenous antibiotic treatment of acute hematogenous bone and
joint infection in children: a prospective randomized trial.
J Pediatr Orthop 2002; 22: 317–20.
Vinod MB, Matussek J, Curtis N, Graham HK, Carapetis JR.
Duration of antibiotics in children with osteomyelitis and septic
arthritis. J Paediatr Child Health 2002; 38: 363–67.
de Barros JW, Calapodopulos CJ, Oliveira DJ, Miki Junior P. [The
treatment of chronic osteomyelitis]. Rev Soc Bras Med Trop 1992;
25: 235–39.
Osmon DR, Berbari EF. Outpatient intravenous antimicrobial
therapy for the practicing orthopaedic surgeon. Clin Orthop 2002:
80–86.
Ariza J, Pujol M, Cabo J, et al. Vancomycin in surgical infections
due to methicillin-resistant Staphylococcus aureus with
heterogeneous resistance to vancomycin. Lancet 1999; 353:
1587–88.
Bernard L, El H, Pron B, et al. Outpatient parenteral antimicrobial
therapy (OPAT) for the treatment of osteomyelitis: evaluation of
efficacy, tolerance and cost. J Clin Pharm Ther 2001; 26: 445–51.
Bernard L, Hoffmeyer P, Assal M, Vaudaux P, Schrenzel J, Lew D.
Trends in the treatment of orthopaedic prosthetic infections.
J Antimicrob Chemother 2004; 53: 127–29.
Birmingham MC, Rayner CR, Meagher AK, Flavin SM, Batts DH,
Schentag JJ. Linezolid for the treatment of multidrug-resistant,
gram-positive infections: experience from a compassionate-use
program. Clin Infect Dis 2003; 36: 159–68.
Shuford JA, Steckelberg JM. Role of oral antimicrobial therapy in
the management of osteomyelitis. Curr Opin Infect Dis 2003; 16:
515–19.
Rayner CR, Baddour LM, Birmingham MC, Norden C,
Meagher AK, Schentag JJ. Linezolid in the treatment of
osteomyelitis: results of compassionate use experience. Infection
2004; 32: 8–14.
Lipsky BA, Itani K, Norden C. Treating foot infections in diabetic
patients: a randomized, multicenter, open-label trial of linezolid
versus ampicillin-sulbactam/amoxicillin-clavulanate. Clin Infect Dis
2004; 38: 17–24.
Eckardt JJ, Wirganowicz PZ, Mar T. An aggressive surgical
approach to the management of chronic osteomyelitis. Clin Orthop
1994; 298: 229–39.
Reese JH, J. B. Surgical approaches to the management of
osteomyelitis. In: Jauregui LE, ed. Diagnosis and management of
bone infections. New York: Marcel Dekker Inc, 1995: 425–49.
Mathes SJ. The muscle flap for management of osteomyelitis.
N Engl J Med 1982; 306: 294–95.
Simpson AH, Deakin M, Latham JM. Chronic osteomyelitis. The
effect of the extent of surgical resection on infection-free survival.
J Bone Joint Surg Br 2001; 83: 403–07.
Green SA. Osteomyelitis. The Ilizarov perspective.
Orthop Clin North Am 1991; 22: 515–21.
Komurcu M, Yanmis I, Atesalp AS, Gur E. Treatment results for
open comminuted distal humerus intra-articular fractures with
ilizarov circular external fixator. Mil Med 2003; 168: 694–97.
Pittet D, Wyssa B, Herter-Clavel C, Kursteiner K, Vaucher J,
Lew PD. Outcome of diabetic foot infections treated conservatively:
a retrospective cohort study with long-term follow-up.
Arch Intern Med 1999; 159: 851–56.
Brandt CM, Duffy MC, Berbari EF, Hanssen AD, Steckelberg JM,
Osmon DR. Staphylococcus aureus prosthetic-joint infection treated
with prosthesis removal and delayed reimplantation arthroplasty.
Mayo Clin Proc 1999; 74: 553–58.

www.thelancet.com Vol 364 July 24, 2004

379

For personal use. Only reproduce with permission from Elsevier Ltd

