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Abstract. Chronic osteomyelitis is a difficult
to treat infection of the bone, which requires a
combined medical and surgical approach and
often persists intermittently for years, with re-
lapses and failures. The optimal type, route of
administration, and duration of antibiotic treat-
ment remain controversial, and the emergence
of multi-drug resistant organisms poses ma-
jor therapeutic challenges. Identification of the
causative agent and subsequent targeted anti-
biotic treatment has a major impact on patients’
outcome. In this review, we summarize which in-
travenous and oral antibiotics are the best op-
tions available for the treatment of chronic os-
teomyelitis, according to specific aetiologies.
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Introduction

Chronic osteomyelitis is a long-lasting infec-
tion of the bone and bone marrow caused by bac-
teria, mycobacteria or fungi. It is not possible to
identify a time threshold after which bone infection
becomes chronic. It usually persists intermittently
for months or years, with multiple clinical fail-
ures and relapses after periods of quiescence and
apparently successful treatment, having a major
impact on patients’ quality of life and healthcare
system costs. Chronic osteomyelitis is, therefore,
a challenging medical condition for orthopaedic
surgeons and infectious diseases specialists, espe-
cially from a therapeutic point of view.

At the present time, there is not a generally
accepted and interdisciplinary-shared classification
for chronic osteomyelitis. Several attempts of sys-
tematic classification based on pathogenesis, aetiol-
ogy, host immune status and bone and soft tissues
involvement have been developed in years, without
reaching consensus on a unique system able to
provide management and prognostic information'.

In the majority of cases, treatment of chronic
osteomyelitis requires a combined surgical and

medical approach. Surgical debridement is essen-
tial to remove infected dead bone tissue, which
may cause relapses months or years after the ini-
tial clinical manifestation. It is usually followed,
in clinical practice, by a long course of targeted
antibiotic therapy. The optimal duration of anti-
microbial treatment after surgery has not been
well defined. Four to six weeks of parenteral an-
tibiotic therapy has become the standard of treat-
ment for chronic osteomyelitis. Nevertheless, due
to high failure and recurrence rates, some authors
suggest longer treatments (six to eight weeks in-
travenously followed by three or more months of
oral therapy). In cases when surgical debridement
is not feasible or incomplete, even longer courses
of antibiotic treatment are suggested.

The long duration and the necessity of optimal
drug penetration into bone tissue are peculiar char-
acteristics of antimicrobial treatment in chronic
osteomyelitis. These two features are challenging
and lead to unsolved questions regarding the se-
lection of the best antimicrobial approach. What is
the optimal route of administration at onset and in
the following weeks? When and how long is par-
enteral therapy more effective than oral therapy?
Are certain antibiotic agents preferred? What drugs
allow prosecution of treatment in the outpatient
setting, which is more comfortable for patients and
less expensive for the healthcare system?

Microbiology

Identification of the causative pathogen should
be a priority in the diagnosis of chronic osteomy-
elitis since it allows narrowing antibiotic spec-
trum and subsequently focusing on optimizing
therapy in terms of pharmacokinetics, pharmaco-
dynamics, and reduction of adverse effects.

Despite its crucial role, microbiological ae-
tiology may be difficult to establish. Pathogen
identification is based on cultures of bone sam-
ples, which are obtained through percutaneous
procedures or during surgical debridement. Con-

Corresponding Author: Francesca Giovannenze, MD; e-mail: francesca.giovannenze@gmail.com



Antibiotic treatment of chronic osteomyelitis

versely, blood cultures have high sensitivity only
in acute forms of osteomyelitis and are usually
not useful in the diagnosis of chronic bone infec-
tions®. Furthermore, superficial samples or swabs
from fistulas have low accuracy when compared
with bone biopsy culture and should not be used
for pathogen identification®”.

According to current literature, a high percent-
age of chronic osteomyelitis cases (from 28% to
50%) are culture negative and remain microbio-
logically undiagnosed’®. In order to increase bone
culture sensitivity, some authors recommend pro-
longed culture (up to 14 days) for low-virulence
organisms®. To increase sensitivity, cessation of
antibiotics at least 1 to 2 weeks before cultures
is strongly suggested.

Based on cultures of operative specimens, in the
majority of cases (from 48% to 88% in observation-
al studies)’®, chronic osteomyelitis are monomicro-
bial infections, while a polymicrobial aetiology is
more common in post-traumatic infections’.

Gram-positive microorganisms are the most
common isolates in chronic osteomyelitis (around
60%), with a predominance of Staphylococcus
aureus (SA)’. The prevalence of methicillin-resis-
tant Staphylococcus aureus (MRSA) among the
SA isolated varies widely between studies, due

to wide geographical differences and different
prevalence in community and hospital settings.
Gram-negative bacilli (Pseudomonas spp, En-
terobacteriaceae) and anaerobes have been more
frequently reported in polymicrobial aetiology
cases®!®!! In recent years, antimicrobial resistant
organisms (mainly extended-spectrum beta-lact-
amases (ESBL) producing organism and multi-
drug resistant (MDR) Gram-negative bacteria)
have been increasingly reported as causative
agents of chronic osteomyelitis®'?, posing new
therapeutic challenges. A detailed description of
the frequency of bacterial isolates from bone
cultures reported in previous studies on chronic
osteomyelitis is given in Table I.

Tubercular osteomyelitis is a well-known clin-
ical manifestation of Mycobacterium tuberculosis
infection, which can present in the context of
disseminated disease or as an isolated localization
in any bone segment.

Fungi (Candida spp and Aspergillus spp) and
non-tuberculous mycobacteria may be alternative
causative agents of osteomyelitis, especially in
immunosuppressed patients.

Fungal and mycobacterial osteomyelitis are
beyond the purpose of this paper and are not
included in the present review.

Table 1. Frequency of bacterial isolates from bone cultures according to what reported in previous studies on chronic osteomyelitis.

Zuluaga Sheehy SH Jiang N et al’® Vemu L
AF et al”’ et al® Medicine et al’
Arch Intern J Infect (Baltimore) J Lab Physicians.
Med 2006 2010 2015 2018
N° % N° % N° % N° %

Sterile cultures 6 4 47 28.3 89 29.4 42 37.2
Staphylococcus aureus 43 28.7 52 31.3 59 34.9 45 39.8
—MSSA NR 36 NR 15

—MRSA NR 16 NR 30

CoNS 13 8.7 27 16.3 NR --- NR ---
Streptococcus spp. 10 6.7 12 7.2 NR --- 2% 1.8
Enterococcus spp. 22 14.7 8 10 33 NR

— E. faecalis 19 NR 4.8 10

— E. faecium 2 NR NR

— Other spp. 1 NR NR

EGNB 24 16 27 16.3 30 9.9 24 21.2
Pseudomonas spp. 15 10 9 54 29§ 17.2 4§ 35
Anaerobes 16 10.7 15 9 NR --- NR ---
Others 1 0.7 14 8.4 6 2 1 0.9
Total 150 166 303 113

Abbreviations: MSSA, methicillin-susceptible Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus aureus; CoNS,
coagulase-negative staphylococci; EGNB, enteric gram-negative bacteria; NR, not reported.
*only Streptococcus. pyogenes reported; §only Pseudomonas aeruginosa reported
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Treatment:
general and surgical management

Management of chronic osteomyelitis requires
a combined surgical and medical approach, involv-
ing an aggressive surgical debridement followed
by a long course of antibiotic therapy'’. Adequate
surgical debridement with removal of all dead and
ischemic tissues and sinus tracts is the cornerstone
of successful treatment. The only curative strategy is
a wide surgical excision including healthy bone and
soft tissues, as in an oncological approach', since
local and conservative debridement is associated
with high failure rates*". This aggressive approach
has two clinical benefits: it allows complete remov-
al of the infected bone and biofilm and guarantees
an adequate vascular supply, favouring subsequent
antibiotic activity. Therefore, surgical debridement
should be considered preliminary to antibiotic ther-
apy. The role of surgery is not limited to surgical de-
bridement but involves three adjunctive aspects that
contribute to treatment success: adequate manage-
ment of dead space (which is the bone defect present
after debridement, usually filled with muscle flaps,
bone graft, calcium hydroxyapatite implants or tem-
porarily with polymethylmethacrylate beads with or
without antibiotic), stabilization of the bone'® and
wound site coverage by skin grafts>!®!"-3,

Treatment:
systemic antibiotic therapy

Clinical randomized trials addressing the best
appropriate agent, route of administration and
duration of therapy in chronic osteomyelitis are
lacking. Therefore, current practice and recom-
mendations are based on retrospective obser-
vational studies, expert opinion and data from
animal and in vitro experimental studies.

General Principles and Route
of Administration

Penetration of antibiotics into bone tissue has
been extensively studied, but data show substantial
variability between drugs and between different stud-
ies of the same drug. In general, bone penetration is
low, achieving a bone to serum concentration ratio of
maximum 0.3 for the majority of antibiotics®.

To overcome the problem of diffusion into infect-
ed bone, antibiotics in the treatment of osteomyelitis
have been classically administered intravenously, in
order to achieve the highest possible plasma con-
centrations and subsequent tissue penetration. This
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applies particularly to drugs that have poor bioavail-
ability (B-lactams) or are not absorbed at all when
taken orally, such as glycopeptides and lipopeptide
agents (i.e., vancomycin, teicoplanin, daptomycin,
oritavancin, dalbavancin, and telavancin), colistin,
aminoglycosides, and tigecycline.

Parenteral administration may be theoretically
intravenous or intramuscular. Nevertheless, intra-
muscular route is often difficult because of the pro-
longed duration of treatment and the concomitant
anticoagulation therapy patients may receive in the
post-surgical period, reducing the choice for paren-
teral therapy to the intravenous route. The need of
prolonged intravenous therapy often requires the
implantation of a central venous catheter, which
exposes the patient to catheter-related complica-
tions such as infective and thrombotic events, with
subsequent notably higher management costs®.

Consequently, increasing attention has been
drawn to antibiotics with high oral bioavailabil-
ity and various studies have tried to compare
the efficacy of oral and intravenous administra-
tion. Interestingly, the antibiotics that achieve the
highest bone to serum concentration ratios (flu-
oroquinolones, sulfamides, cyclines, macrolides,
rifamycins, and oxazolidinones) are also those
with the highest oral bioavailability, making these
agents good candidates for the prolonged treatment
of outpatients with chronic osteomyelitis. In a
recent review by Conterno et al*® in 2013, which
confirmed the results of Spellberg” et al in 2012,
no statistically significant difference was found
between oral versus parenteral antibiotics for the
treatment of osteomyelitis if the bacteria were sen-
sitive to the antibiotic used. This finding outlines
the importance of a pathogen-specific therapy and
encourages further studies to compare differences
in clinical efficacy and adverse events between oral
versus parenteral administration of systemic anti-
biotics for treating chronic osteomyelitis in adults.

Combination therapy is suggested in selected
cases in order to reduce the possibility of select-
ing resistant organisms and/or to add agents with
expected activity on biofilm.

Pathogen-Specific Treatment

Delaying the start of antibiotic treatment until
bone culture and identification of the causative
organism is a cornerstone in treating chronic osteo-
myelitis. In almost all cases, the antibiotic therapy of
chronic osteomyelitis is not an emergency, and the
indolent and sub-acute nature of the infection usual-
ly allows to waiting for culture results and starting a
tailored therapy. Below, a review of old and new an-
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tibiotics commonly used and/or potentially active in
treating chronic osteomyelitis, divided by causative
agent. A summary of organism-specific preferred
antibiotic agents is given in Table II.

Gram-positive organisms: Staphylococci

METHICILLIN-=SUSCEPTIBLE STAPHYLOCOCCUS
AUREUS (MISSA) AND COAGULASE-NEGATIVE
stapHyLococcl (CoNS)

Anti-staphylococcal ~ parenteral ~ b-lactam
agents, i.e., oxacillin, nafcillin, and cefazolin, are
suitable options for initial treatment of chron-
ic staphylococcal osteomyelitis’. Unfortunately,
these agents are not available in oral formulation
and bioavailability of oral penicillin and ceph-
alosporins is usually low. Therefore, switching
to oral therapy often requires a change towards
other agents usually active against both MSSA
and MRSA, such as doxycycline, clindamycin or
trimethoprim-sulfamethoxazole (TMP-SMX). In
patients with penicillin allergy, clindamycin and
vancomycin are good therapeutic alternatives.

METHICILLIN-RESISTANT STAPHYLOCOCCUS AUREUS (MRSA)
AND COAGULASE-NEGATIVE STAPHYLOcOCCI (CONS)
Glycopeptides, such as vancomycin and teico-
planin, have been considered the main agents of
choice against MRSA in treating osteomyelitis.
Both of them are only available in parenteral for-
mulation. Vancomycin has long been utilized as
the first-choice agent due to its long history of use,
available clinical data and relatively easy-to-use
pharmacokinetic dosing nomograms®. Neverthe-
less, it has an elevated risk of adverse events, in par-
ticular of acute renal failure, especially in patients
with other risk factors such as concomitant use of
nephrotoxic agents, high trough serum concentra-
tions or prolonged administration”. Moreover, even
in the case of a MRSA strain considered susceptible
to vancomycin, the population may contain vanco-
mycin-resistant (VRSA) or vancomycin-intermedi-
ate (VISA) subpopulations (heteroresistant strains),
which may potentially make the drug less effective.
Teicoplanin is associated with a lower rate of ad-
verse events compared to vancomycin®**!, and it has
generally lower minimum inhibitory concentrations
(MICs) than vancomycin for SA, whereas CoNS
MICs are usually lower for vancomycin.
Rifampicin is an old antibiotic with two main
characteristics that make it an agent of choice in the
treatment of staphylococcal chronic osteomyelitis: it
exhibits a bactericidal activity against staphylococci
in the sessile phase, as found in biofilm, and has
high intracellular activity, which is useful in chron-

ic osteomyelitis since bacteria can persist inside
phagocytes****. Notably, rifampicin should never be
used as monotherapy for staphylococcal osteomy-
elitis because of it often selects rifampicin-resistant
mutants, particularly if started with high levels of
bacterial inoculum, i.e., at the beginning of treat-
ment*. Combination of rifampicin with another
active antibiotic for the treatment of chronic osteo-
myelitis has been shown to have better outcomes
when compared to regimen without rifampicin®>-.
Therefore, rifampicin is considered the backbone
agent in killing staphylococci in biofilm and chron-
ic osteomyelitis and its combination with other
antibiotics, especially levofloxacin, is mandatory to
prevent the selection of resistance®”’.

The emergence of vancomycin intermediate
and resistant SA strains, along with low tolerabil-
ity profile and suboptimal cure rates, has recently
led to the development and approval by the FDA
and EMA of several new antibiotics with activity
against resistant Gram-positive bacteria.

Daptomycin is a lipophilic lipopeptide, with a
bactericidal effect and a spectrum of activity similar
to vancomycin, even though it shows lower MICs
against MSSA and MRSA and it is usually active
against vancomycin-resistant SA strains. Moreover,
daptomycin has a concentration-dependent bacteri-
cidal activity and in vitro studies have demonstrated
higher cure rates when administered at an increased
dose (10 mg/kg/day instead of the standard dose
of 6 mg/kg/day) and in combination with rifampi-
cin®*!, It is currently approved by FDA and EMA
for treatment of complicated skin and skin structure
infections (cSSSIs) and SA bloodstream infections
(BSI), including those due to right-sided endocarditis.
Nonetheless, in vitro studies have demonstrated that
the diffusion of daptomycin into bone tissues is close
to that of beta-lactams and glycopeptides, which is
enough to maintain bone concentrations several times
higher than MICs of most Gram-positive cocci®.
Moreover, most published clinical data describing
its use in treating acute osteomyelitis, mainly de-
rived from the CORE and Eu-CORE database, show
non-inferiority of daptomycin when compared with
vancomycin®“. Daptomycin can only be adminis-
tered parenterally and is usually well tolerated: it is
safe in patients at any stage of renal dysfunction and
its main adverse effect is the elevation of creatine
phosphokinase (CPK) and, in rare cases, rhabdomy-
olysis. Taking into account available clinical data,
along with its pharmacokinetics/pharmacodynamics
and safety profile, in selected cases, daptomycin
may be considered a valid agent in the treatment of
Gram-positive chronic osteomyelitis.
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Table Il. Agents commonly used in targeted antibiotic treatment of chronic osteomyelitis (new drugs with small experience
in the treatment of chronic osteomyelitis but potentially active according to spectrum and PK/PD characteristics are in italics).

IV treatment

PO treatment

MSSA and MS-CoNS

Preferred regimens:

Nafcillin 2 g q4h
Oxacillin 2 g g4h
Cefazolin 2 g q8h

Alternative regimens:

Clindamycin 600 mg q6h or 900 mg q8h
Vancomycin 15 mg/kg ql12h (dose should
be adjusted to maintain a trough level

of 15-20 pg/mL)

Teicoplanin 6-12 mg/kg q12h x3 doses,
then 6-12 mg/kg q24h

Daptomycin 6 mg/kg q24h

Linezolid 600 mg q12h

.

.

Doxycycline 100 mg ql12h
Clindamycin 450 mg q6h
TMP-SMX DS tablet (160/800 mg)
1-2 tablets q8-12h

Rifampicin 600 mg PO daily

or 300-450 mg q12hr*
Levofloxacin 750 mg q24h or
moxifloxacin 400 mg q24h

MRSA and MR-CoNS

Preferred regimens:

Vancomycin 15 mg/kg q12h (dose should
be adjusted to maintain a trough level

of 15-20 pg/mL)

Teicoplanin 6-12 mg/kg q12h x3 doses,
then 6-12 mg/kg q24h

.

.

Doxycycline 100 mg q12h
Clindamycin 450 mg q6h
TMP-SMX DS tablet (160/800 mg)
1-2 tablets q8-12h

Rifampicin 600 mg PO daily

or 300-450 mg q12hr*

Ampicillin 2 g g4h or 3g q6h

Alternative regimens:

Clindamycin 600 mg q6h or 900 mg q8h
Vancomycin 15 mg/kg q12h (dose should
be adjusted to maintain a trough level

of 15-20 pg/mL)

Teicoplanin 6-12 mg/kg q12h x3 doses,
then 6-12 mg/kg q24h

Daptomycin 6 mg/kg q24h

Linezolid 600 mg q12h

Dalbavancin 1000 mg once, followed

by 500 mg weekly

* Daptomycin 6 mg/kg q24h * Levofloxacin 750 mg q24h
* Linezolid 600 mg q12h or moxifloxacin 400 mg q24h
Alternative regimens:  Linezolid 600 mg q12h
* Clindamycin 600 mg q6h or 900 mg q8h o Tedizolid 200 mg q24h
e Dalbavancin 1000 mg once, followed
by 500 mg weekly
o Tedizolid 200 mg q24h
o Fosfomycin 12-24 g/daily, divided into 3 doses
Streptococcus spp. Preferred regimens: * Amoxicillin 500 mg q8h
e Penicillin G 6 MU q6h * Clindamycin 450 mg q6h
» Ceftriaxone 2 g q24h * Levofloxacin 750 mg q24h

or moxifloxacin 400 mg q24h

Enterococcus spp.

Ampicillin 2 g g4h or 3g q6h’
Vancomycin 15 mg/kg q12h (dose should
be adjusted to maintain a trough level
of 15-20 pg/mL)

Teicoplanin 6-12 mg/kg q12h x3 doses,
then 6-12 mg/kg q24h

Daptomycin 6 mg/kg q24h

Linezolid 600 mg q12h

Tedizolid 200 mg q24h

Tigecycline 100 mg loading dose,
Jfollowed by 50 mg q12h

.

Amoxicillin/clavulanate 1 g q8h
Levofloxacin 750 mg q24h

or moxifloxacin 400 mg q24h
Ceftriaxone 2 g q24h

EGNB
(other than Pseudomonas)

Ciprofloxacin 400 mg q12h
Piperacillin/tazobactam 4.5 g q8h
Meropenem 1 g q8h or ertapenem 1 g q24h

Ciprofloxacin 500-750 mg q12h
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Table Il (Continued). Agents commonly used in targeted antibiotic treatment of chronic osteomyelitis (new drugs with small experience
in the treatment of chronic osteomyelitis but potentially active according to spectrum and PK/PD characteristics are in italics).

IV treatment

PO treatment

Pseudomonas spp. Ceftazidime 2 g q8h

Cefepime 2g q8h

Meropenem 1 g q8h

Piperacillin/tazobactam 4.5 g q6h
Ciprofloxacin 400 mg q8h

* Ciprofloxacin 750 mg q12h

MDR-GNB

15 mg/kg q24h
by 4.5 MU q12h

by 50 mg q12h

.

Fosfomycin 12-24 g/daily, divided into 3 doses
o Gentamicin 5-7 mg/kg q24h or amikacin

» Colistin 9 MU loading dose, fllowed
o Tigecycline 100 mg loading dose, followed
o Ceftolozane/tazobactam 1.5 g q8h

o Ceftazidime/avibactam 2.5 g q8h
Meropenem/varbobactam 4 g q8h

Anaerobes

Clindamycin 450 mg q6h

Amoxicillin/clavulanate 2.2 g q8h or q6h
Piperacillin/tazobactam 4.5 g q8h
Clindamycin 600 mg q6h or 900 mg q8h
Metronidazole 500 mg q8h
Amoxicillin/clavulanate 1 g q8h

Metronidazole 500 mg q8h

Abbreviations: MSSA, methicillin-susceptible Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus aureus; MS-
CoNS, methicillin-susceptible coagulase-negative Staphylococci; MR-CoNS, methicillin-resistant coagulase-negative staphylococci;
TMP-SMX, trimethoprim-sulfamethoxazole; DS, double-strenght; MU, million units; EGNB, enteric gram-negative bacteria; MDR-

GNB, multidrug-resistant gram-negative bacteria.

*It should never be used as monotherapy; ‘E. faecium is intrinsically resistant to all beta-lactams; Systemic antibiotic treatment of

chronic osteomyelitis

New lipoglycopeptides (telavancin, orita-
vancin, dalbavancin) with potent activity against
Gram-positive organisms (most notably staphylo-
cocci including MRSA and to some extent VISA,
streptococci, and clostridia) have recently been
developed¥. The main characteristic of these
molecules is the remarkably long half-life of
oritavancin and dalbavancin, which allow for in-
frequent dosing (single dose of 1200 mg for orita-
vancin and 1000 mg at day 1 followed by 500 mg
at day 8 for dalbavancin) and may be exploited
for the prosecution of outpatient therapy. More-
over, these molecules showed to be highly active
in in vitro biofilm models, proving an equal or
even major efficacy in eradicating infection when
compared to vancomycin®*, In 2015, Dunne
et al’' studied the distribution of dalbavancin
into bone and articular tissues, demonstrating to
reach high concentrations in cortical bone and
warranting investigation in the use of this drug
for the treatment of osteomyelitis. More recently,
Pfaller et al*> demonstrated MICs for dalbavancin
at least eight-fold lower than comparators (vanco-
mycin, linezolid, daptomycin, and clindamycin)

against SA isolated from patients with bone and
joint infections. Lipoglycopeptides are currently
approved only for the treatment of acute bacterial
skin and skin structure infections (SSTIs), with
the exception of telavancin even for hospital-ac-
quired (HAP) and ventilator-associated bacterial
pneumonia (VAP). Nevertheless, the usefulness
of these drugs in other potential indications has
been examined in case reports and small series of
patients. Telavancin has been successfully used in
the treatment of acute and chronic osteomyelitis
in four cases****, while dalbavancin showed a
success rate of 91% in 12 patients treated for os-
teomyelitis in a recent clinical retrospective study
by Bouza et al*®.

Linezolid is a synthetic oxazolidinone antibi-
otic, with activity against all Gram-positive cocci
including MRSA*, vancomycin-resistant entero-
cocci (VRE) and obligate anaerobes. It has high
bioavailability and is available in oral formula-
tion, which makes it an attractive option in the
treatment of chronic osteomyelitis. It is approved
for SSTIs, including diabetic foot infection, and
pneumonia.
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Pharmacokinetic studies aimed to evaluate
linezolid penetration into bone tissue found mixed
results with a variable bone to plasma ratios in
different experimental model*> *°, even though
many case series reported its use in the treatment of
osteomyelitis and joint infections, usually as salvage
therapy for patients who have failed previous anti-
biotic regimens. Overall, linezolid has demonstrated
high success rates in these reports, with a combined
cure rate of 83% (286/343)* %%, The main limita-
tion in the use of linezolid relies in its numerous side
effects including thrombocytopenia, anaemia, optic
neuritis, and peripheral neuropathy*®-!. In partic-
ular, bone marrow suppression and anaemia seem
to increase with long-term therapy and may limit
linezolid’s potential use in chronic osteomyelitis
treatment. Anecdotally, it has been recently shown
that the association of linezolid with rifampicin
may result in a decreasing occurrence of anaemia
in cases of prolonged treatment, probably as a con-
sequence of the induction of extrarenal clearance of
linezolid by rifampicin® 72,

Tedizolid is a second-generation oxazolidinone
that displays a potent activity against Gram-posi-
tive pathogens. It is approved only for the treatment
of acute SSTIs and is available in oral formulation.
There is scarce evidence on its use in the treat-
ment of bone infections. A recent study by Ract et
al” of 359 clinical isolates involved in clinically
documented bone and joint infections showed a
potent in vitro activity of tedizolid against most
Gram-positive pathogens, including MRSA and
CoNS strains. Current evidence is not sufficient to
support its use in the treatment of osteomyelitis,
lacking data on its bone penetration and safety pro-
file on long-term therapy, even though in Phase 3
clinical studies tedizolid showed mainly gastroin-
testinal adverse effects, apparently without adverse
effects on the bone marrow.

Fluoroquinolones are active against Staphylo-
cocci in vitro and have shown their activity in an-
imal models of chronic implant-associated staph-
ylococcal infections™ 7. Their main advantage is
a high bioavailability, which makes them opti-
mal agents for long-term oral therapy in chron-
ic osteomyelitis. Moreover, all fluoroquinolones
have high bone penetration and therefore can be
used in the treatment of osteomyelitis. Among
them, newer fluoroquinolones (such as levoflox-
acin, moxifloxacin, gatifloxacin, and gemifloxa-
cin) tend to have lower MICs for Gram-positive
pathogens than older fluoroquinolones (such as
ciprofloxacin and ofloxacin)” do and have a
higher barrier to the emergence of resistance’’.
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Therefore, some authors suggest the use of flu-
oroquinolones in monotherapy in the treatment
of osteomyelitis’®, while others advocate their
use in vivo in combination with other agents,
due to the possibility to induce resistance during
monotherapy”. In conclusion, newer fluoroquino-
lones are preferred over older fluoroquinolones
as anti-staphylococcal agents in the treatment of
chronic osteomyelitis, if possible in combination
therapy, but monotherapy may be employed when
alternative regimens are not available. Older fluo-
roquinolones should never be used in monothera-
py in the treatment of staphylococcal infections.

Tigecycline is a glycyleycline with a very
broad-spectrum of activity: it covers most of the
Gram-positive pathogens, including MRSA and
VRE, some Gram-negatives and anaerobes. It is
currently approved for the treatment of cSSSIs
and of complicated intra-abdominal infections. Its
main side effects are nausea, vomiting, and diar-
rhoea. Data regarding bone penetration and clinical
outcomes of tigecycline in the treatment of osteo-
myelitis are lacking, not sufficient to support its
use in cases sustained by Gram-positive agents®-%,
In addition, recent meta-analyses showed excess
deaths when using tigecycline both in approved
and non-approved indications, suggesting that it
should not be used in serious infections®*.

Satisfactory results have been reported in
terms of clinical outcomes and tolerability pro-
file in the treatment of chronic osteomyelitis with
other agents, such as TMP-SMX, clindamycin
and intravenous fosfomycin®®.

Streptococcus spp and Enterococcus spp

Streptococci are rarely the causative agent of
chronic osteomyelitis, being instead mostly iso-
lated in acute cases, especially in paediatric pa-
tients. Streptococcal osteomyelitis is often related
to beta-haemolytic streptococci, and its parenteral
treatment is based on penicillin G and A (ampicil-
lin or amoxicillin) and parenteral first-, second- or
third-generation cephalosporins. Oral formula-
tions available are limited to Penicillin A (mainly
amoxicillin due to the unfavourable PK/PD profile
of ampicillin) and to first and second-generation
cephalosporins due to the weak bioavailability
of oral third-generation cephalosporins. Moreover,
oral beta-lactams generally have poor activity and
are not valid options in cases of chronic osteomy-
elitis. Clindamycin, linezolid, glycopeptides, dap-
tomycin, and the new lipoglycopeptides are active
against Streptococci and may be valid options in
cases of beta-lactams allergy.
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Enterococcal chronic osteomyelitis are mainly
due to Enterococcus faecalis and Enterococcus
faecium. E. faecalis is usually susceptible to pen-
icillin G and A, while E. faecium is intrinsically
resistant to all beta-lactams and may be resistant
to glycopeptides, mainly due to the expression of
VanA and VanB phenotypes. In these situations,
therapeutic options are restricted to linezolid
(which has the advantage of being available in
oral formulation), daptomycin and tigecycline,
despite lack of evidence on its efficacy in bone
and joint infections. Notably, among the new
lipoglycopeptides, only oritavancin has shown to
be active against VRE, while dalbavancin and tel-
avancin are not active against VanA phenotypes
and should not be used in the treatment of VRE
infections®’.

Gram-negative organisms

Gram-negative bacteria are an increasing
cause of chronic osteomyelitis, even though very
few studies evaluating their follow-up and out-
comes are available in the literature®. Classical
parenteral options include penicillin-beta-lact-
amase inhibitor combination drugs, cephalospo-
rins, aztreonam, carbapenems, and aminoglyco-
sides. In particular, in a prospective randomized
open-label trial, Barberan et al* reported a cure
rate of 71% in patients with osteomyelitis treated
with cefepime. Among carbapenems, ertapenem
has a long half-life, which allows single daily in-
travenous administration, making it an attractive
option for outpatient therapy.

The number of oral agents available for the
treatment of the Gram-negative osteomyelitis is
more limited than for Gram-positive osteomyeli-
tis. Fluoroquinolones appear to be the first-line
choice in this setting, due to their anti-biofilm
activity and to the results of experimental studies
that established their superiority over other agents
for the treatment of Gram-negative osteomyeli-
tis, both alone and in combination with other
agents’®'. TMP-SMX and tetracyclines, such as
doxycycline and minocycline, are considered al-
ternative options.

Pseudomonas spp

The treatment of osteomyelitis due to Pseu-
domonas spp. is based on a limited number of
antibiotic agents, such as piperacillin-tazobactam,
ceftazidime, cefepime, ciprofloxacin, aztreonam,
carbapenems (except for ertapenem that is not
active against Pseudomonas spp), aminoglyco-
sides, and colistin. It is therefore considered

a difficult-to-treat organism, and it has been
demonstrated that Pseudomonas spp. osteomy-
elitis failure rates are three times higher than that
of staphylococcal osteomyelitis®.

MDR Gram-negative bacteria

With the rise in prevalence and diffusion of
MDR Gram-negative bacteria, such as Acineto-
bacter baumannii, Pseudomonas aeruginosa and
carbapenem-resistant Enterobacteriaceae (CRE),
cases of chronic osteomyelitis caused by these
agents have been described in literature, especially
in diabetic foot infections'?, and they are likely to
increase in number in future years. In these cases,
very few therapeutic options are available and are
restricted to aminoglycosides, colistin, tigecycline,
and intravenous fosfomycin, despite their unknown
bone penetration profile and the scarce or null
evidence of efficacy of these agents in treating
osteomyelitis. In particular, Tascini et al”® described
the use of colistin in treating 4 cases of diabetic
foot infection complicated by osteomyelitis, stating
its safety and effectiveness when used alone or in
combination with other antimicrobial agents.

The use of new betalactams-betalactamases
inhibitors, such as ceftolozane/tazobactam, cef-
tazidime/avibactam, and meropenem/varbobact-
am, have never been reported in the treatment of
osteomyelitis and their bone penetration profile
is unknown. Therefore, they should be taken into
consideration only in selected cases and when
other therapeutic options are not available.

Obligate anaerobes

Metronidazole is the drug of choice for treat-
ment of chronic osteomyelitis caused by obligate
anaerobic bacteria (except for Propionibacterium
acnes), due to its high oral bioavailability, remark-
able killing ability, and excellent tissue diffusion.
Other antibiotics that are active against strict anaer-
obes and may be considered as alternative agents
are amoxicillin-clavulanate, piperacillin-tazobact-
am, carbapenems, and clindamycin (resistance of
Bacteroides spp. is around 20%). Linezolid and
tigecycline are active against obligate anaerobes
but they are considered second-line agents and
should be reserved to selected cases.

Duration

It is common opinion and practice that chronic
osteomyelitis requires a prolonged antibiotic ther-
apy. However, the optimal duration of treatment
is not known. Most experts favour continuing
antibiotics intravenously at least for 4-6 weeks
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after surgical debridement, which is considered
the time the debrided bone takes to be covered
by vascularized soft tissue. A following long-
term antibiotic therapy with an oral agent (3 to
6 months) is usually warranted due to the low
penetration of antimicrobials into bone tissue and
to the high rate of recurrence®’.

In case of suboptimal surgical debridement, or
in patients unwilling or unable to undergo surgical
intervention, is common practice to continue a pro-
longed suppressive antibiotic therapy, similarly to the
approach in the treatment of prosthetic joint infection
when removal of the prosthesis is not feasible”” .

Conclusions

Despite the expanding therapeutic armamentar-
ium, chronic osteomyelitis remains a challenging
and difficult-to-treat clinical situation, with frequent
recurrences, the latency of infection and significant
impact on patients’ quality of life. Clearly, more re-
search is warranted to determine for each causative
agent of osteomyelitis the most appropriate antibiot-
ic, duration, dose, and route of administration in the
perspective of antimicrobial stewardship.
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