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Staphylococcus aureus is one of the most common causative pathogens of bloodstream infections (BSIs). In
approximately one-half of patients with S. aureus BSI, no portal of entry can be documented. This group of
patients has a high risk of developing septic metastases. Similarly, patient populations at high risk of S. aureus
BSI and BSI-associated complications include patients receiving hemodialysis, injection drug users, patients
with diabetes, and patients with preexisting cardiac conditions or other comorbidities. One of the most severe
complications of S. aureus BSI is infective endocarditis, and S. aureus is now the most common cause of
infective endocarditis in the developed world. Patients with methicillin-resistant S. aureus BSI or infective
endocarditis have higher rates of mortality, compared with patients with methicillin-susceptible S. aureus
infection. Nasal carriage is the most important source of S. aureus BSI. Better eradication and control strategies,
including nasal decolonization and more-active antibiotics, are needed to combat S. aureus BSIs.

Bacteremia is defined as the presence of viable bacteria
in the blood and is not necessarily associated with clin-
ical manifestations of disease [1]. The term bloodstream
infection (BSI) has been imposed progressively, and a
diagnosis of BSI requires the presence of clinical symp-
toms of systemic infection in addition to positive blood
culture results [2]. BSIs are associated with significant
morbidity and mortality, particularly in populations at
high risk of infection.

Staphylococcus aureus is the second-most common
pathogen causing BSIs worldwide [3, 4], and S. aureus
is the leading cause of nosocomial BSIs in Europe [4].
In the United States, S. aureus is the pathogen that is
most frequently isolated from all types of BSI [5]. S.
aureus BSIs are associated with a high frequency of life-
threatening complications, such as metastatic infec-

tions, and S. aureus is the principal pathogen respon-

Reprints or correspondence: Dr. José M. Mird, Infectious Diseases Service,
Hospital Clinic, Villarroel 170, 08036 Barcelona, Spain (jmmiro@ub.edu).

Clinical Infectious Diseases 2009;48:5246-53

© 2009 by the Infectious Diseases Society of America. All rights reserved.
1058-4838/2009/481054-0003$15.00

DOI: 10.1086/598187

sible for infective endocarditis (IE) in industrialized
countries [6—16]. Patients with S. aureus IE are more
clinically debilitated and have a higher prevalence of
severe sepsis, major neurological events, and multiple
organ failure, compared with patients with IE caused
by other pathogens [16, 17]. As a result, S. aureus BSIs
have a significant impact on mortality, with docu-
mented associated mortality rates of 20%-40% [18].
This relatively wide range of reported mortality rates
may be reflective of the different characteristics of spe-
cific study populations, and patients with prosthetic
devices or long-term intravascular catheters may be
particularly vulnerable. A study that involved 298 pa-
tients with prosthetic devices (long-term catheters and
cardiovascular, orthopedic, and other devices) reported
an in-hospital S. aureus—associated mortality rate of
12%, with a 12-week mortality rate of 17%. Mortality
rates among patients with cardiovascular prostheses
were considerably higher; the in-hospital S. aureus—
associated mortality rate was 18%, and this mortality
increased to 26% at 12 weeks of follow-up [10]. An
overall mortality rate of 19% was observed among pa-
tients who received long-term hemodialysis [19]. Nos-
ocomial S. aureus BSI dramatically increases the cost
of hospitalization, and these costs are further increased
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by methicillin resistance in pathogens causing complicated BSIs,
including those associated with endocarditis, osteomyelitis, and
deep-seated abscesses [10, 19, 20]. Because of the high mor-
bidity and mortality associated with BSIs, efforts to identify
patients at high risk of developing BSI and associated compli-
cations have intensified.

EPIDEMIOLOGY OF BSis

Classically, BSIs are stratified according to the environment of
acquisition (nosocomial or community-acquired BSIs [CA-
BSIs]) and by the presence or absence of identified associated
sites of infection. The recent delineation of health care—asso-
ciated BSIs (HCA-BSIs), which are more closely related to nos-
ocomial BSIs than to CA-BSIs, allows us to define more pre-
cisely the population at risk of S. aureus BSI (table 1). The
features of HCA-BSIs are not consistently defined among stud-
ies; however, most authors identify previous hospitalization,
receipt of long-term hemodialysis, and residence in a nursing
home or long-term care facility as the most important char-
acteristics [5, 21, 22]. Nosocomial BSIs and HCA-BSIs are most
frequently associated with intravascular devices [21]. Rates of
methicillin resistance among strains causing nosocomial BSIs
and HCA-BSIs are generally similar [5, 21] and are higher than
those among strains causing CA-BSIs [5]. In a large US study,
the frequency of S. aureus causing HCA-BSIs, nosocomial BSIs,
and CA-BSIs was 25.7%, 29.7%, and 17.8%, respectively, and
the frequency of methicillin-resistant strains causing these in-
fections was 41%, 52%, and 26%, respectively [5].

Although S. aureus is less frequently isolated from CA-BSIs
than from nosocomial BSIs or HCA-BSIs, S. aureus CA-BSI
remains a serious condition and is associated with high rates
of complications and mortality [23]. Analysis of patients with
S. aureus BSI at a tertiary care center in Switzerland revealed
that mortality among patients with CA-BSI was twice as high
as mortality among patients with nosocomial infection [24],
probably because primary BSIs, which are a potential severity
factor (see below), occurred more frequently in the patients
with CA-BSI. In addition, patients with CA-BSI may have pro-
longed undiagnosed S. aureus bacteremia, and patients with
nosocomial BSI usually receive a diagnosis relatively early. His-
torically, methicillin-resistant S. aureus (MRSA) has been as-
sociated primarily with nosocomial BSIs; however, community-
acquired MRSA (CA-MRSA) strains with the Panton-Valentine
leukocidin locus are causing an epidemic in the United States
and are now emerging throughout the world and becoming a
cause of a significant proportion of S. aureus infections in sur-
veillance studies [25-29]. Of particular concern is CA-MRSA
infection in patients with no known risk factors for BSI [27,
30]. CA-MRSA strains are generally susceptible to non—3-lac-
tam antibiotics; however, the increasing proportion of CA-
MRSA infections that are caused by highly virulent strains,

together with the emergence of multidrug-resistant strains, em-
phasizes the importance of rapid initiation of appropriate treat-
ment [31-33].

PRIMARY VERSUS SECONDARY BSls

A primary BSI is traditionally defined as a BSI associated with
bacteremia for which there is no identified portal of entry or
associated infected site [1]. Primary BSI accounts for 40%—-50%
of cases of S. aureus bacteremia and occurs much less frequently
in patients with nosocomial bacteremia (3%-5%) than it does
in patients with community-acquired bacteremia [24, 34]. A
secondary BSI is defined as a BSI in which there is a docu-
mented portal of bacterial entry (e.g., a skin infection, a cath-
eter, pneumonia, or a urinary tract infection) and/or a known
associated site of infection. Infections frequently associated with
secondary BSIs include endocarditis, deep-seated abscesses, and
osteomyelitis [35]. It is useful to consider primary BSI as part
of a continuum of pathology from the initial undetected bac-
teremia to the secondary seeding of sites (figure 1). These sites
may have been seeded either from a primary BSI, if there is
bacteremia without a documented portal of entry, or from a
secondary BSI, if a portal of entry or primary infection has
been established. Therefore, it is clearer to distinguish primary
and secondary BSIs on the criterion of an identified portal of
entry.

S. AUREUS BSI: THE RISK OF COMPLICATIONS

Approximately one-third of patients with S. aureus BSI develop
local complications or distant septic metastases [11, 35]. Frequent
sites of distant metastases include the bones and joints (especially
when prosthetic materials are present), the epidural space and
intervertebral discs, and both native and prosthetic cardiac valves.
In addition, patients can develop visceral abscesses in the spleen
and kidneys. Fowler et al. [35] investigated clinical characteristics
that might predict the likelihood of complications developing.
The authors identified 4 risk factors associated with complicated
S. aureus BSIs: namely, the presence of persistent bacteremia
(positive blood culture results after 72-96 h of appropriate treat-
ment), community acquisition, the presence of skin lesions sug-
gestive of distant metastases, and persistent fever. In the absence
of any of these risk factors, the probability of developing com-
plications was 16%; this risk increased dramatically when =1 of
these risk factors were present [35]. A delay in the administration
of appropriate treatment has also been associated with an increase
in the risks of complications [3] and higher mortality [36]. These
data suggest that persistent bacteremia should alert the clinician
to the potential for complications and should prompt further
investigation.

Endocarditis is one of the most severe complications of S.
aureus BSI, and native-valve S. aureus IE has a poorer prognosis
than does IE caused by other pathogens [37]. Several studies
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Table 1.
acquisition.

Definitions of bloodstream infections (BSls) according to means of

Category

Definition

HA-BSI

Patients with a first positive blood culture result >2 days after hospital

admission and <1 day after hospital discharge

HCA-BSI

Patients with a first positive blood culture result >2 days after hospital

admission and any of the following:
®hospitalization in an acute care hospital for =2 days in the past 90

days,

eresidence in a nursing home or long-term care facility,
ereceiving long-term hemodialysis,

ereceiving IV therapy at home,

®previous hospitalization within 2-30 days before hospital admission, or
ecurrently receiving immunosuppression medication or presence of met-

astatic cancer

Patients with long-term intravascular devices to receive either chemo-

therapy or parenteral nutrition

Patients who underwent an invasive procedure that required hospital ad-
mission or with BSI occurring within the first 48 h after hospital

admission
CA-BSI

Patients who do not meet HA-BSI or HCA-BSI definitions and who had a

first positive blood culture result <2 days after hospital discharge

NOTE. The definitions are derived from Friedman et al. [21], Shorr et al. [5], and Siegman-Igra
et al. [22]. CA-BSI, community-acquired BSI; HA-BSI; hospital-acquired BSI; HCA-BSI, health care—

associated BSI; IV, intravenous.

have investigated risk factors for S. aureus BSI-associated IE,
and these are summarized in table 2. Major risk factors include
persistent bacteremia, persistent fever, an unknown source of
infection, the presence of prosthetic heart valves, and com-
munity acquisition. A previous episode of IE and injection drug
use have also been defined as risk factors for IE [38, 40-42].
Although the risk of IE is higher among patients with prosthetic
heart valves (43%-51%) than among those without these de-
vices [39, 43], S. aureus is currently the primary etiological
agent for all types of IE [6], highlighting its ability to infect
native valves, even those that are structurally normal [44].
The absence of a documented source of infection and the
development of complications are independent risk factors for
mortality and are more frequently associated with CA-BSI than
with nosocomial BSI [24]. Recent data show that the overall
increase in the incidence of S. aureus BSI is mainly attributable
to an increase in the incidence of MRSA infection [24, 45] and
that patients with MRSA BSI have worse prognoses and in-
creased risk of mortality, compared with those with BSI caused
by methicillin-susceptible S. aureus (MSSA) or other pathogens
[5, 17, 41, 46]. The worse prognoses and increased mortality
may be attributable, in part, to a higher incidence of comor-
bidities among patients with MRSA infection and to the fact
that patients with MRSA infection more frequently receive in-
appropriate empirical therapy or are treated with vancomycin,
which has been associated with treatment failure and relapse
of infection [47-52]. Among patients with MRSA BSI treated
with vancomycin, those for whom the vancomycin MICis =1.5
pg/mL have the highest risk of treatment failure [50] and mor-

tality [51]. Overall, the prognosis of S. aureus IE is poorer when
there are associated complications that preclude valve replace-
ment surgery (e.g., persistent bacteremia, embolic events, and
multiorgan failure) or when the patient has non—IE-related
comorbidities [53]. Similarly, MRSA IE is associated with a
worse prognosis, compared with MSSA IE (table 3) [6, 53, 54].
The mortality associated with MRSA IE varies depending on
the patient population but is particularly high among patients
with nosocomial infections (67%) [53]. A study that reviewed
outcomes in patients with MRSA IE who were receiving he-
modialysis reported a mortality rate of 90%; however, this ret-
rospective analysis included only 10 patients who were receiving
hemodialysis [54].

Although the risk of developing complications of secondary
BSI is lower than the risk of developing complications of pri-
mary BSI, the complications of secondary BSI are not insig-
nificant. Catheter-related S. aureus BSI is associated with a 13%
incidence of hematogenous complications, including septic ar-
thritis, vertebral osteomyelitis, and IE [55]. An experimental
model of IE revealed that both the percentage of damaged heart
valves that subsequently became infected and the number of
colony-forming units per valve were related to the size of the
inocula [56]. Consistent with this finding, the risk of developing
IE increases as the duration of time that the source of infection
remains untreated increases, probably because of an increased
number of bacteria entering the bloodstream [57]. Prompt
management of the primary source of infection in secondary
BSIs (e.g., removal of an intravenous catheter) is therefore rec-
ommended to reduce the risk of complications. However, con-
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Primary bloodstream infections (BSls) as a continuum in which secondary seeding can give rise to complications. (1) Episodes of spontaneous

low-grade bacteremia may occur repeatedly during normal activities, usually without clinical repercussions. The portal of entry is breached in colonized
skin or mucosa. (2) Occasionally, such spontaneous events may result in organ seeding, creating an infected microfocus that will enlarge over time.
(3) The microfocus is responsible for discharging bacteria at an increasing frequency, resulting first in primary BSI and then in bacteremia with an

identifiable focus.

tinued vigilance is still required, because undetected seeding of
bacteria to other sites may have already occurred, and com-
plications may not become apparent until days or weeks after
the initial seeding.

The clinical presentation of S. aureus BSI in children is dif-
ferent from that in adults [58, 59]. One study revealed that,
although children had similar rates of primary and secondary
BSIs [59], 86% of S. aureus BSIs in infants without a preexisting
medical condition had a clinically recognized focus, mostly in
osteoarticular sites (59%). In that study, very few children de-
veloped IE (1.4% of children), and the mortality associated
with S. aureus BSIs in infants was low (~0.7%). However, higher
prevalence of IE and mortality rates have been reported for
pediatric patients with S. aureus bacteremia. In a prospective
single-center study, 11.8% of children with S. aureus bacteremia
had definite IE, and 7.8% had possible IE; the combined mor-
tality rate was 40% among children with definite or possible
IE [60].

ORIGIN OF S. AUREUS ISOLATES IN BSIs

The nares are the main reservoir for S. aureus in humans.
Approximately 25% of healthy adults are colonized with S.
aureus, and 1.5%-3.0% are persistently colonized with MRSA
[61-63]. Permanent colonization of the nares is more frequent
in infants than in adults [64], and persistent carriers are usually
members of groups at high risk of infection, such as patients
with type I diabetes mellitus, injection drug users, and patients
receiving hemodialysis who have extensive skin disease [65—
67].

Nasal carriage plays an important role in the pathogenesis
of infection. It is associated with an increased risk of S. aureus
infection after surgery and in patients receiving renal replace-

ment therapy comprising either ambulatory peritoneal dialysis
or hemodialysis. One study demonstrated that the vast majority
(82.2%) of isolates from cultures of blood samples from pa-
tients with S. aureus BSI were indistinguishable from the isolates
from nares samples from the same patients, and 85.7% of S.
aureus nasal carriers who developed BSI had identical strains
at both sites [64].

Farm animals may represent an additional reservoir for CA-
MRSA strains. Recent studies in Europe and worldwide have
demonstrated the transmission of MRSA from pigs and veal
calves to farmers and veterinarians [68, 69].

PREVENTION AND TREATMENT OF S. AUREUS
BSls

Carriers of S. aureus who undergo medical procedures are at
risk of developing bacteremia. Coello et al. [70] found that
~11% of patients who were colonized with MRSA at hospital
admission developed nosocomial MRSA infection, and Pujol
et al. [71] found that ~22% of patients colonized with S. aureus
at the time of admission to the intensive care unit developed
bacteremia. MRSA infection was associated with previous use
of antibiotics, the presence of ulcers or surgical wounds, and
the use of tubes, drains, and catheters [70, 71]. Early com-
mentators suggested that the highest risk of bacteremia occurs
during the period immediately after colonization; however,
more-recent studies suggest that the risk of infection and mor-
tality may be higher during the first year after colonization
(33%) than it is during the second (27%) and third (16%)
years [72] or that the risk of infection and mortality may be
completely unrelated to the duration of MRSA colonization
[73].

These data support the use of methods for decolonization
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Table 2. Risk factors for infective endocarditis after Staphylococcus aureus

bacteremia
No. of

Reference Year  patients Risk factor

Fowler et al. [35] 2003 724 Community acquisition, persistent fever,
persistent bacteremia, and skin exami-
nation findings that suggest acute sys-
temic infection

Chang et al. [38] 2003 505 Valvular heart disease, prosthetic valve,
previous infective endocarditis, injection
drug use, unknown source of bacter
emia, persistent bacteremia, nonwhite
race, and community acquisition

El-Ahdab et al. [39] 2005 512 Persistent fever and persistent bacteremia

Hill et al. [40] 2007 132 Unknown source of bacteremia, pros-

thetic valve, persistent fever, and per
sistent bacteremia

@ All of these patients had prosthetic valves.

in MRSA nasal carriers who are admitted to the hospital or
who are scheduled to undergo inpatient procedures in the near
future [73]. Nasal decolonization is effective in a high pro-
portion of patients. A success rate of 87% was achieved after
implementation of a decolonization regimen that combined
topical treatments (e.g., mupirocin nasal ointment, chlorhex-
idine mouth rinse, and full-body washes with chlorhexidine
soap for 5 days) for nasal and skin colonization with oral van-
comycin and trimethoprim-sulphamethoxazole for intestinal
and urinary colonization, respectively, and povidone-iodine,
chlorhexidine ovula, or octenidine solution for vaginal colo-
nization [74, 75]. With regard to topical mupirocin, a recent
study reported a high incidence of resistance in MRSA strains
(resistance in 13% of strains and high-level resistance in 9%),
despite low levels of in-hospital mupirocin use [76]. Oral ad-
ministration of rifampicin and doxycycline has also proven to
be successful for decolonization [77]. Guidelines recommend
screening for MRSA, with prophylaxis for patients at high risk
of infection, and preventative measures, such as improved nurs-
ing practices, the use of aseptic techniques for catheter place-
ment, and decontamination practices, have proved to be ef-
fective against both MRSA and MSSA colonization [78-80].
However, the long-term effects of MRSA decolonization on the
incidence of infection remain unclear.

Immunotherapy is a potential preventative strategy that has
attracted commercial interest. Several candidates are being in-
vestigated in clinical trials; however, 2 of the most advanced
compounds—the StaphVAX vaccine and INH-A21, a polyclo-
nal antibody—did not demonstrate adequate protection in
phase III clinical trials [81-83]. Trials of the StaphVAX vaccine
in patient populations at high risk of infection have recently
been completed, and publication of the results is anticipated
[84]. In addition to the difficulties in implementing vaccination
and/or prophylaxis against an evolving and virulent pathogen

such as S. aureus, many relevant epidemiological questions re-
main unanswered. Which populations should be targeted for
vaccination? What is the risk of S. aureus BSI in healthy carriers?
What is the potential value of MRSA screening for all patients
admitted to the hospital or for hospital inpatients in settings
with a high prevalence of CA-MRSA or nosocomial MRSA
infection, respectively, and what sites should be tested? Which
prophylactic treatments are best able to penetrate into the mu-
cosal cells of the nostrils, and are the vaccines able to elicit
immunity at this site?

The optimal strategies for treatment of S. aureus bacteremia
and BSI are still a matter of much debate, and this subject is
covered in more detail in an article by Corey [85] in this sup-
plement. No clear guidelines exist for the treatment of S. aureus
BSI without associated secondary infections; however, treat-
ment for at least 2 weeks with penicillinase-stable (§-lactam
antibiotics (e.g., nafcillin or cloxacillin) has been recommended
for MSSA infection [86]. When there are secondary foci, treat-
ment should adhere to the recommendations for the specific
complications [87-90]. The proportion of MRSA isolates is
increasing in many countries [91]. Vancomycin is currently the
recommended treatment for MRSA BSI, but the rate of treat-
ment failure remains high [8]. Vancomycin is less effective than
(-lactams against MSSA infection [49, 92], and there is evidence
of a vancomycin MIC creep for both MSSA and MRSA [93].
This evidence has caused increasing concerns about the ap-
propriateness of vancomycin for the treatment of both MSSA
and MRSA infections [51, 52, 94] and has led to consideration
of the use of more-recently introduced antibiotic agents, such
as daptomycin, which has demonstrated efficacy comparable
to that of the standard of care for MSSA or MRSA complicated
skin and soft-tissue infections and bacteremia with or without
IE [8, 95]. The limited success of current treatments for MRSA
infection indicates that many challenges are yet to be overcome.
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Table 3. Frequency of surgical procedures and mortality associated with methicillin-
susceptible Staphylococcus aureus (MSSA) and methicillin-resistant S. aureus (MRSA)
infective endocarditis (IE).

No. of Frequency of In-hospital

Study, type of IE  Type of valve(s) patients  surgical procedures, %  mortality, %
Fowler et al. [6]

MSSA NV and PV 283 37.5 23.3

MRSA NV and PV 141 39.0 29.8
Mir6 et al. [37]

MSSA NV 248 24.6 23.2

MRSA NV 43 25.6 37.2
Hill et al. [53]

MSSA NV and PV 56 68 30°

MRSA NV and PV 16 38 56°

NOTE. NV, native valve; PV, prosthetic valve.
@ Six-month mortality.

CONCLUSIONS

To fully appreciate the risks associated with S. aureus BSIs and
the implications of these risks for management strategies, the
progression from bacteremia to BSI should be considered as a
continuum of pathology. The risk of developing MSSA or
MRSA bacteremia is related to the source of infection; MRSA
bacteremia is more frequently associated with health care en-
vironments, whereas MSSA bacteremia is more frequently as-
sociated with community settings. Primary S. aureus BSIs are
often the expression of deep-seated infections that have not
been diagnosed and, thus, deserve serious consideration. S.
aureus carriers are at high risk of developing BSIs, and patients
with underlying conditions have an increased risk of developing
associated complications. Improved eradication and control
strategies are needed to successfully combat the challenges pre-
sented by S. aureus BSIs.

Acknowledgments

Support for this supplement was provided by Chameleon Communi-
cations International with Novartis Pharma AG sponsorship.

Financial support. Spanish Network for Research in Infectious Dis-
eases, Instituto de Salud Carlos III, Ministerio de Sanidad y Consumo
(REIPI RD06/0008 to J.M.M., A.D.R,, C.C., and A.M.; FIS 05/0170, 08/
0268, and EC08/00190 to J.M.M., A.D.R., and A.M.), and Institut
d’Investigacions Biomediques August Pi i Sunyer (to J.M.M.).

Supplement sponsorship. This article was published as part of a sup-
plement entitled “Clinical Overview of Gram-Positive Bloodstream Infec-
tions,” sponsored by a medical grant from Novartis, and has been derived
from a session entitled “A Clinical Consensus Conference on Gram-Positive
Bloodstream Infections” that was held at the 9th International Symposium
on Modern Concepts in Endocarditis and Cardiovascular Infections (sup-
ported financially by Astellas, Medtronic, Novartis, and Wyeth) and that
was organized by the ISC Working Group on Infective Endocarditis and
Bloodstream Infections.

Potential conflicts of interest. J.M.M. has received speaking honoraria
from, has served on advisory boards for, and/or has received research grants
from Abbott, Boehringer-Ingelheim, Bristol-Myers Squibb, Cubist, No-
vartis, GlaxoSmithKline, Gilead Sciences, Merck, Pfizer, Roche, and Ther-

avance. PM. has received research support from and has served as an
advisor for Johnson & Johnson, Novartis, and Wyeth. All other authors:
no conflicts.

References

1. Eggimann P, Pittet D. Acute bacteraemia. In: Fink MP, Abraham E,
Vincent J, Kochanek P, eds. Textbook of critical care. Philadelphia: Elsevier
Saunders, 2005:1275-83.

2. Garner JS, Jarvis WR, Emori TG, Horan TC, Hughes JM. CDC definitions
for nosocomial infections, 1988. Am ] Infect Control 1988;16:128—40.

3. Fluit AC, Jones ME, Schmitz FJ, Acar ], Gupta R, Verhoef ]. Antimicrobial
susceptibility and frequency of occurrence of clinical blood isolates in
Europe from the SENTRY Antimicrobial Surveillance Program, 1997 and
1998. Clin Infect Dis 2000; 30:454—60.

4. Luzzaro E Vigano EF, Fossati D, et al. Prevalence and drug susceptibility
of pathogens causing bloodstream infections in northern Italy: a two-
year study in 16 hospitals. Eur ] Clin Microbiol Infect Dis 2002; 21:849-55.

5. Shorr AF, Tabak YP, Killian AD, Gupta V, Liu LZ, Kollef MH. Healthcare-
associated bloodstream infection: a distinct entity? Insights from a large
US database. Crit Care Med 2006; 34:2588-95.

6. Fowler VG Jr, Miro JM, Hoen B, et al. Staphylococcus aureus endocarditis:
a consequence of medical progress. JAMA 2005;293:3012-21.

7. Troidle L, Eisen T, Pacelli L, Finkelstein F. Complications associated with
the development of bacteremia with Staphylococcus aureus. Hemodial Int
2007;11:72-5.

8. Fowler VG Jr, Boucher HW, Corey GR, et al. Daptomycin versus standard
therapy for bacteremia and endocarditis caused by Staphylococcus aureus.
N Engl ] Med 2006; 355:653—65.

9. Fowler VG Jr, Sanders LL, Kong LK, et al. Infective endocarditis due to
Staphylococcus aureus: 59 prospectively identified cases with follow-up.
Clin Infect Dis 1999;28:106-14.

10. Chu VH, Crosslin DR, Friedman JY, et al. Staphylococcus aureus bacter-
emia in patients with prosthetic devices: costs and outcomes. Am ] Med
2005;118:1416.

11. Ringberg H, Thoren A, Lilja B. Metastatic complications of Staphylococcus
aureus septicemia: to seek is to find. Infection 2000; 28:132-6.

12. Libman H, Arbeit RD. Complications associated with Staphylococcus au-
reus bacteremia. Arch Intern Med 1984; 144:541-5.

13. Jensen AG, Wachmann CH, Espersen E Scheibel J, Skinhoj P, Frimodt-
Moller N. Treatment and outcome of Staphylococcus aureus bacteremia:
a prospective study of 278 cases. Arch Intern Med 2002; 162:25-32.

14. Lautenschlager S, Herzog C, Zimmerli W. Course and outcome of bac-

Complications of S. aureus BSI * CID 2009:48 (Suppl 4) * S251



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

teremia due to Staphylococcus aureus: evaluation of different clinical case
definitions. Clin Infect Dis 1993;16:567—73.

Ruotsalainen E, Sammalkorpi K, Laine J, et al. Clinical manifestations
and outcome in Staphylococcus aureus endocarditis among injection drug
users and nonaddicts: a prospective study of 74 patients. BMC Infect Dis
2006; 6:137.

Cabell CH, Jollis JG, Peterson GE, et al. Changing patient characteristics
and the effect on mortality in endocarditis. Arch Intern Med 2002; 162:
90—4.

Nadji G, Remadi JP, Coviaux F, et al. Comparison of clinical and mor-
phological characteristics of Staphylococcus aureus endocarditis with en-
docarditis caused by other pathogens. Heart 2005;91:932—7.

Gould IM. MRSA bacteraemia. Int ] Antimicrob Agents 2007; 30(Suppl
1):866-70.

Engemann JJ, Friedman JY, Reed SD, et al. Clinical outcomes and costs
due to Staphylococcus aureus bacteremia among patients receiving long-
term hemodialysis. Infect Control Hosp Epidemiol 2005;26:534-9.
Lepelletier D, Ferreol S, Villers D, Richet H. Methicillin-resistant Staph-
ylococcus aureus nosocomial infections in ICU: risk factors, morbidity
and cost [in French]. Pathol Biol (Paris) 2004;52:474-9.

Friedman ND, Kaye KS, Stout JE, et al. Health care—associated blood-
stream infections in adults: a reason to change the accepted definition
of community-acquired infections. Ann Intern Med 2002; 137:791-7.
Siegman-Igra Y, Fourer B, Orni-Wasserlauf R, et al. Reappraisal of com-
munity-acquired bacteremia: a proposal of a new classification for the
spectrum of acquisition of bacteremia. Clin Infect Dis 2002;34:1431-9.
Willcox PA, Rayner BL, Whitelaw DA. Community-acquired Staphylo-
coccus aureus bacteraemia in patients who do not abuse intravenous drugs.
QJM 1998;91:41-7.

Kaech C, Elzi L, Sendi P, et al. Course and outcome of Staphylococcus
aureus bacteraemia: a retrospective analysis of 308 episodes in a Swiss
tertiary-care centre. Clin Microbiol Infect 2006; 12:345-52.

Fridkin SK, Hageman JC, Morrison M, et al. Methicillin-resistant Staph-
ylococcus aureus disease in three communities. N Engl ] Med 2005; 352:
1436—44.

King MD, Humphrey BJ, Wang YE, Kourbatova EV, Ray SM, Blumberg
HM. Emergence of community-acquired methicillin-resistant Staphylo-
coccus aureus USA 300 clone as the predominant cause of skin and soft-
tissue infections. Ann Intern Med 2006; 144:309-17.

Boyle-Vavra S, Daum RS. Community-acquired methicillin-resistant
Staphylococcus aureus: the role of Panton-Valentine leukocidin. Lab Invest
2007;87:3-9.

Coombs GW, Pearson JC, O’Brien FG, Murray RJ, Grubb WB, Chris-
tiansen KJ. Methicillin-resistant Staphylococcus aureus clones, Western
Australia. Emerg Infect Dis 2006; 12:241-7.

Moran GJ, Krishnadasan A, Gorwitz RJ, et al. Methicillin-resistant S.
aureus infections among patients in the emergency department. N Engl
] Med 2006; 355:666—74.

Liassine N, Auckenthaler R, Descombes MC, Bes M, Vandenesch F,
Etienne J. Community-acquired methicillin-resistant Staphylococcus au-
reus isolated in Switzerland contains the Panton-Valentine leukocidin or
exfoliative toxin genes. ] Clin Microbiol 2004; 42:825-8.

Larsen A, Stegger M, Goering R, Sorum M, Skov R. Emergence and
dissemination of the methicillin resistant Staphylococcus aureus USA300
clone in Denmark (2000-2005). Euro Surveill 2007;12:22—4.

Rybak M]J, LaPlante KL. Community-associated methicillin-resistant
Staphylococcus aureus: a review. Pharmacotherapy 2005; 25:74-85.

Diep BA, Chambers HE Graber CJ, et al. Emergence of multidrug-
resistant, community-associated, methicillin-resistant Staphylococcus au-
reus clone USA300 in men who have sex with men. Ann Intern Med
2008; 148:249-57.

Cuijpers ML, Vos FJ, Bleeker-Rovers CP, et al. Complicating infectious
foci in patients with Staphylococcus aureus or Streptococcus species bac-
teraemia. Eur J Clin Microbiol Infect Dis 2007;26:105-13.

Fowler VG Jr, Olsen MK, Corey GR, et al. Clinical identifiers of com-
plicated Staphylococcus aureus bacteremia. Arch Intern Med 2003; 163:
2066-72.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Khatib R, Saeed S, Sharma M, Riederer K, Fakih MG, Johnson LB. Impact
of initial antibiotic choice and delayed appropriate treatment on the
outcome of Staphylococcus aureus bacteremia. Eur J Clin Microbiol Infect
Dis 2006;25:181-5.

Miré JM, Anguera I, Cabell CH, et al. Staphylococcus aureus native valve
infective endocarditis: report of 566 episodes from the International Col-
laboration on Endocarditis Merged Database. Clin Infect Dis 2005;41:
507-14.

Chang FY, MacDonald BB, Peacock JE Jr, et al. A prospective multicenter
study of Staphylococcus aureus bacteremia: incidence of endocarditis, risk
factors for mortality, and clinical impact of methicillin resistance. Med-
icine (Baltimore) 2003; 82:322-32.

El-Ahdab FE, Benjamin DK Jr, Wang A, et al. Risk of endocarditis among
patients with prosthetic valves and Staphylococcus aureus bacteremia. Am
] Med 2005; 118:225-9.

Hill EE, Vanderschueren S, Verhaegen J, et al. Risk factors for infective
endocarditis and outcome of patients with Staphylococcus aureus bacter-
emia. Mayo Clin Proc 2007; 82:1165-9.

Liao CH, Chen SY, Chang SC, Hsueh PR, Hung CC, Chen YC. Char-
acteristics of community-acquired and health care—associated Staphylo-
coccus aureus bacteremia in patients treated at the emergency department
of a teaching hospital. Diagn Microbiol Infect Dis 2005; 53:85-92.
Horstkotte D, Follath E Gutschik E, et al. Guidelines on prevention,
diagnosis and treatment of infective endocarditis executive summary. Task
Force on Infective Endocarditis of the European Society of Cardiology.
Eur Heart ] 2004;25:267-76.

Fang G, Keys TF, Gentry LO, et al. Prosthetic valve endocarditis resulting
from nosocomial bacteremia: a prospective, multicenter study. Ann Intern
Med 1993;119:560-7.

Barrau K, Boulamery A, Imbert G, et al. Causative organisms of infective
endocarditis according to host status. Clin Microbiol Infect 2004;10:
302-8.

Wyllie DH, Crook DW, Peto TE. Mortality after Staphylococcus aureus
bacteraemia in two hospitals in Oxfordshire, 1997-2003: cohort study.
BM]J 2006; 333:281.

Cosgrove SE, Sakoulas G, Perencevich EN, Schwaber MJ, Karchmer AW,
Carmeli Y. Comparison of mortality associated with methicillin-resistant
and methicillin-susceptible Staphylococcus aureus bacteremia: a meta-
analysis. Clin Infect Dis 2003; 36:53-9.

Al Nammari SS, Bobak P, Venkatesh R. Methicillin resistant Staphylococcus
aureus versus methicillin sensitive Staphylococcus aureus adult haema-
togenous septic arthritis. Arch Orthop Trauma Surg 2007; 127:537—42.
Fowler VG Jr, Kong LK, Corey GR, et al. Recurrent Staphylococcus aureus
bacteremia: pulsed-field gel electrophoresis findings in 29 patients. J Infect
Dis 1999; 179:1157-61.

Small PM, Chambers HE. Vancomycin for Staphylococcus aureus endo-
carditis in intravenous drug users. Antimicrob Agents Chemother
1990; 34:1227-31.

Lodise TP, Graves J, Evans A, et al. Relationship between vancomycin
MIC and failure among patients with MRSA bacteremia treated with
vancomycin. Antimicrob Agents Chemother 2008; 52:3315-20.

Soriano A, Marco E Martinez JA, et al. Influence of vancomycin min-
imum inhibitory concentration on the treatment of methicillin-resistant
Staphylococcus aureus bacteremia. Clin Infect Dis 2008; 46:193-200.
Stryjewski ME, Szczech LA, Benjamin DK Jr, et al. Use of vancomycin
or first-generation cephalosporins for the treatment of hemodialysis-de-
pendent patients with methicillin-susceptible Staphylococcus aureus bac-
teremia. Clin Infect Dis 2007; 44:190-6.

Hill EE, Peetermans WE, Vanderschueren S, Claus P, Herregods MC,
Herijgers P. Methicillin-resistant versus methicillin-sensitive Staphylococ-
cus aureus infective endocarditis. Eur J Clin Microbiol Infect Dis 2008;
27:445-50.

Kuo CB, Lin JC, Peng MY, Wang NC, Chang FY. Endocarditis: impact
of methicillin-resistant Staphylococcus aureus in hemodialysis patients and
community-acquired infection. J Microbiol Immunol Infect 2007;40:
317-24.

Fowler VG Jr, Justice A, Moore C, et al. Risk factors for hematogenous

§$252 « CID 2009:48 (Suppl 4) * del Rio et al.



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

complications of intravascular catheter-associated Staphylococcus aureus
bacteremia. Clin Infect Dis 2005;40:695-703.

Wright AJ, Wilson WR. Experimental animal endocarditis. Mayo Clin
Proc 1982;57:10—4.

Baddour LM, Christensen GD, Lowrance JH, Simpson WA. Pathogenesis
of experimental endocarditis. Rev Infect Dis 1989; 11:452-63.

Hill PC, Wong CG, Voss LM, et al. Prospective study of 125 cases of
Staphylococcus aureus bacteremia in children in New Zealand. Pediatr
Infect Dis J 2001;20:868—73.

Suryati BA, Watson M. Staphylococcus aureus bacteraemia in children: a
5-year retrospective review. ] Paediatr Child Health 2002; 38:290—4.
Valente AM, Jain R, Scheurer M, et al. Frequency of infective endocarditis
among infants and children with Staphylococcus aureus bacteremia. Pe-
diatrics 2005; 115:e15-9.

Abudu L, Blair I, Fraise A, Cheng KK. Methicillin-resistant Staphylococcus
aureus (MRSA): a community-based prevalence survey. Epidemiol Infect
2001; 126:351-6.

Charlebois ED, Bangsberg DR, Moss NJ, et al. Population-based com-
munity prevalence of methicillin-resistant Staphylococcus aureus in the
urban poor of San Francisco. Clin Infect Dis 2002; 34:425-33.

Jernigan JA, Pullen AL, Partin C, Jarvis WR. Prevalence of and risk factors
for colonization with methicillin-resistant Staphylococcus aureus in an
outpatient clinic population. Infect Control Hosp Epidemiol 2003;24:
445-50.

von Eiff C, Becker K, Machka K, Stammer H, Peters G. Nasal carriage
as a source of Staphylococcus aureus bacteremia: study group. N Engl J
Med 2001;344:11-6.

Miré6 JM, Puig de la Bellacasa J, Gatell JM, et al. Rate of mucosocutaneous
carriers of staphylococci in heroin addicts of the Barcelona area and the
microbiological characteristics of heroin and the material of injection [in
Spanish]. Med Clin (Barc) 1984; 83:620-3.

Moreillon P, Que Y, Glauser MP. Staphylococcus aureus (including staph-
ylococcal toxic shock). In: Mandell G, Bennett J, Dolin R, eds. Principles
and practice of infectious diseases. Philadelphia: Churchill Livingstone,
2005;2321-51.

Berman DS, Schaefler S, Simberkoff MS, Rahal JJ. Staphylococcus aureus
colonization in intravenous drug abusers, dialysis patients, and diabetics.
J Infect Dis 1987;155:829-31.

Wulf MW, Sorum M, van Nes A, et al. Prevalence of methicillin-resistant
Staphylococcus aureus among veterinarians: an international study. Clin
Microbiol Infect 2008; 14:29-34.

van Rijen MM, van Keulen PH, Kluytmans JA. Increase in a Dutch
hospital of methicillin-resistant Staphylococcus aureus related to animal
farming. Clin Infect Dis 2008;46:261-3.

Coello R, Glynn JR, Gaspar C, Picazo JJ, Fereres J. Risk factors for
developing clinical infection with methicillin-resistant Staphylococcus au-
reus (MRSA) amongst hospital patients initially only colonized with
MRSA. ] Hosp Infect 1997;37:39—46.

Pujol M, Pena C, Pallares R, et al. Nosocomial Staphylococcus aureus
bacteremia among nasal carriers of methicillin-resistant and methicillin-
susceptible strains. Am J Med 1996; 100:509-16.

Huang SS, Hinrichsen V, Stulgis L. Methicillin resistant Staphylococcus
infection in the year following detection of carriage [abstract 157]. In:
Program and abstracts of the Society of Healthcare Epidemiology of
America Annual Meeting (Chicago). Arlington, VA: Society for Health-
care Epidemiology of America, 2006.

Datta R, Huang SS. Risk of infection and death due to methicillin-resistant
Staphylococcus aureus in long-term carriers. Clin Infect Dis 2008;47:
176-81.

Buehlmann M, Frei R, Fenner L, Dangel M, Fluckiger U, Widmer AFE.
Highly effective regimen for decolonization of methicillin-resistant Staph-
ylococcus aureus carriers. Infect Control Hosp Epidemiol 2008;29:510-6.
Fung SK, Louie M, Simor AE. Combined topical and oral antimicrobial
therapy for the eradication of methicillin-resistant Staphylococcus aureus

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

(MRSA) colonization in hospitalized patients. Can J Infect Dis 2002; 13:
287-92.

Jones JC, Rogers TJ, Brookmeyer P, et al. Mupirocin resistance in patients
colonized with methicillin-resistant Staphylococcus aureus in a surgical
intensive care unit. Clin Infect Dis 2007;45:541-7.

Simor AE, Phillips E, McGeer A, et al. Randomized controlled trial of
chlorhexidine gluconate for washing, intranasal mupirocin, and rifampin
and doxycycline versus no treatment for the eradication of methicillin-
resistant Staphylococcus aureus colonization. Clin Infect Dis 2007; 44:
178-85.

Coia JE, Duckworth GJ, Edwards DI, et al. Guidelines for the control
and prevention of methicillin-resistant Staphylococcus aureus (MRSA) in
healthcare facilities. ] Hosp Infect 2006; 63(Suppl 1):S1-44.

Gould FK, Elliott TS, Foweraker J, et al. Guidelines for the prevention
of endocarditis: report of the Working Party of the British Society for
Antimicrobial Chemotherapy. ] Antimicrob Chemother 2006;57:
1035-42.

O’Grady NP, Alexander M, Dellinger EP, et al. Guidelines for the pre-
vention of intravascular catheter-related infections. Centers for Disease
Control and Prevention. MMWR Recomm Rep 2002;51:1-29.
DeJonge M, Burchfield D, Bloom B, et al. Clinical trial of safety and
efficacy of INH-A21 for the prevention of nosocomial staphylococcal
bloodstream infection in premature infants. ] Pediatr 2007; 151:260-5.
Fattom AI, Horwith G, Fuller S, Propst M, Naso R. Development of
StaphVAX, a polysaccharide conjugate vaccine against S. aureus infection:
from the lab bench to phase III clinical trials. Vaccine 2004; 22:880-7.
Shinefield H, Black S, Fattom A, et al. Use of a Staphylococcus aureus
conjugate vaccine in patients receiving hemodialysis. N Engl ] Med
2002; 346:491-6.

ClinicalTrials.gov. Available at: http://www.clinicaltrials.gov. Accessed
17 October 2008.

Corey GR. Staphylococcus aureus bloodstream infections: definitions
and treatment. Clin Infect Dis 2009;48(Suppl 4):5254-9 (in this
supplement).

Mermel LA, Farr BM, Sherertz R], et al. Guidelines for the management
of intravascular catheter-related infections. J Intraven Nurs 2001;24:
180-205.

Gould IM, MacKenzie FM, Maclennan G, Pacitti D, Watson EJ, Noble
DW. Topical antimicrobials in combination with admission screening
and barrier precautions to control endemic methicillin-resistant Staph-
ylococcus aureus in an intensive care unit. Int J Antimicrob Agents
2007;29:536—43.

Lipsky BA, Berendt AR, Deery HG, et al. Diagnosis and treatment of
diabetic foot infections. Plast Reconstr Surg 2006; 117:212S-38S.
Murray RJ. Staphylococcus aureus infective endocarditis: diagnosis and
management guidelines. Intern Med ] 2005; 35(Suppl 2):525-44.
Stevens DL, Bisno AL, Chambers HE et al. Practice guidelines for the
diagnosis and management of skin and soft-tissue infections. Clin Infect
Dis 2005;41:1373-406.

National Institute for Public Health and the Environment. European
Antimicrobial Resistance Surveillance System annual report 2005. The
Netherlands, 2006. Available at: http://www.rivm.nl/bibliotheek/rap-
porten/210624001.html. Accessed 9 March 2009.

Kim SH, Kim KH, Kim HB, et al. Outcome of vancomycin treatment
in patients with methicillin-susceptible Staphylococcus aureus bacter-
emia. Antimicrob Agents Chemother 2008;52:192-7.

Wang G, Hindler JF, Ward KW, Bruckner DA. Increased vancomycin
MICs for Staphylococcus aureus clinical isolates from a university hos-
pital during a 5-year period. J Clin Microbiol 2006; 44:3883—6.
Chang S, Sievert DM, Hageman JC, et al. Infection with vancomycin-
resistant Staphylococcus aureus containing the vanA resistance gene. N
Engl ] Med 2003;348:1342-7.

Arbeit RD, Maki D, Tally FP, Campanaro E, Eisenstein BI. The safety
and efficacy of daptomycin for the treatment of complicated skin and
skin-structure infections. Clin Infect Dis 2004;38:1673-81.

Complications of S. aureus BSI « CID 2009:48 (Suppl 4) ¢ S253



