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FROM THE EDITORS

ALPESH N. AMIN, MD, MBA
Professor and Executive Director, Hospitalist Program,
University of California, Irvine,
Orange, CA

SUSAN J. REHM, MD

Vice Chair, Department of Infectious Disease,
Cleveland Clinic, Cleveland, OH

Infections in hospitalized patients:
What is happening and who can help?

B ABSTRACT

The continuing emergence of multidrug-resistant bac-
teria calls for new approaches to the management and
treatment of infections in hospitalized patients. Health
care—associated infections cause substantial morbidity
and mortality while driving up health care resource use
and costs worldwide. The continued spread of antimi-
crobial resistance requires a multidisciplinary approach
and closer collaboration among health care providers,
especially hospitalists, pharmacists, infection control
practitioners, and infectious disease specialists. Such
collaboration can potentially reduce treatment failures
and minimize the spread of multidrug-resistant organ-
isms between health care settings and the community.

B KEY POINTS

Surveillance studies show that antimicrobial
resistance among some community-associated
pathogens and several key nosocomial pathogens
is increasing at an alarming rate.

Widespread emergence of resistant pathogens and
transmission of some pathogens between health care
and community settings suggest that providers can no

longer practice in an independent or isolated manner.

Greater partnership among providers in multiple disci-
plines and all health care settings is urgently needed
to combat the challenge of multidrug-resistant bacteria.

Dr. Amin reported that he has received honoraria from Wyeth Pharmaceuticals
for writing as well as fees for serving on speakers' bureaus for Wyeth, Ortho-
McNeil Pharmaceutical, Pfizer Inc., and Cubist Pharmaceuticals. Dr. Rehm
reported that she has received research grant support from Cubist; consult-
ing/advisory fees from Cubist, Wyeth, and Schering-Plough Corp.; and fees or
honoraria for speaking and writing from Cubist and Wyeth.

The authors reported that they wrote this article themselves with editing and
formatting assistance from Upside Endeavors, a medical education company.
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osocomial infections, also known as hospi-

tal-acquired or health care—associated infec-

tions, are a significant public health con-

cern. These infections are estimated to occur
in 5% to 10% of acute care hospitalizations in the
United States, representing more than 2 million
episodes per year.' The highest rates are seen in inten-
sive care units and acute care surgical and orthopedic
wards. Nosocomial infections are responsible for more
than 90,000 US deaths per year and millions of addi-
tional days of hospitalization; the annual cost of treat-
ing these infections in the United States is estimated
to exceed $4.5 billion.!

Despite these substantial effects in terms of morbid-
ity, mortality, and health care costs, many nosocomial
infections can be prevented if health care providers
take proper precautions when caring for patients.
Providers in a wide range of disciplines—intensivists,
hospitalists, surgeons, infectious disease specialists, pri-
mary care clinicians, microbiologists, nurses, pharma-
cists—need to collaborate and arrive at a coherent
control strategy to both minimize and effectively treat
these infections.

This article sets the stage for the remainder of this
supplement by outlining the challenges posed by anti-
microbial resistance among key nosocomial and com-
munity-associated pathogens and the rationale for
multidisciplinary collaboration in combatting these
challenges.

M THE HEART OF THE CHALLENGES:
ANTIMICROBIAL RESISTANCE

Nosocomial infections have become more trouble-
some in the 21st century with the spread of antimi-
crobial resistance. Approximately 70% of nosocomial
infections are attributable to antibiotic-resistant
organisms,” including multidrug-resistant bacterial
strains, which complicates the management of infec-
tions in all health care settings (hospital, office or
clinic, and nursing home).” In an increasingly com-
plex patient population, misuse and overuse of broad-
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spectrum antibiotics, coupled with suboptimal infec-
tion control practice among health care providers and
institutions, have contributed to the changing scope
of nosocomial infections and created new treatment
challenges.

Lower respiratory tract infections (eg, ventilator-
associated pneumonia), postoperative wound infec-
tions, complicated intra-abdominal infections,
catheter-associated bacteremia, and urinary tract
infections are the most common nosocomial infec-
tions. Bacteria are responsible for the majority of
these infections, with staphylococci, enterococci,
Enterobacteriaceae, and Pseudomonas species recov-
ered most often. Recent surveillance studies have
demonstrated that antimicrobial resistance among
key nosocomial pathogens is increasing at an alarm-
ing rate.” Over the past decade, several gram-posi-
tive and gram-negative organisms have become espe-
cially problematic’:

e Methicillin-resistant Staphylococcus aureus (MRSA))

e Vancomycin-resistant enterococci

e Beta-lactam-resistant and multidrug-resistant

pneumococci

e Klebsiella pneumoniae, Escherichia coli, and Pro-

teus mirabilis organisms with extended-spectrum
beta-lactamases (ESBLs)
e Enterobacter species and Citrobacter freundii with
high-level third-generation cephalosporin (Amp
C) beta-lactamase resistance

e Pseudomonas aeruginosa, Acinetobacter bauman-
nii, and Stenotrophomonas maltophilia organisms
with genes for multidrug resistance (to imipen-
em, fluoroquinolones, and third-generation
cephalosporins).

Shifting epidemiology of methicillin-resistant S aureus

One particular concern is the changing epidemiology
of MRSA with the appearance of these typically noso-
comial strains in the community setting (ie, commu-
nity-acquired MRSA).” Notably, the incidence of
community-acquired MRSA appears to be increasing
with its emergence independent of a hospital reser-
voir.*'® Community-acquired MRSA, which typically
occurs in healthy, immunocompetent individuals, has
been associated with serious and sometimes fatal ill-
ness (eg, necrotizing pneumonia or fasciitis)," likely
because of its greater number of virulence factors com-
pared with hospital-acquired MRSA strains.”"® Even
more disturbing, however, are recent reports of trans-
mission of community-acquired MRSA strains back
into the hospital environment as a cause of nosocomial
infection.””™ In some cases, community-acquired
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MRSA has replaced hospital-acquired strains, thereby
creating potential infection control challenges and
future antimicrobial resistance issues (ie, emerging
resistance to non—beta-lactam antibiotics).

Overall, the epidemiology, infection types, and
antimicrobials of choice differ between community-
and hospital-acquired MRSA infections.”'® To best
manage their patients, clinicians need to be familiar
with the unique properties of these infections.

Proliferation of problematic CTX-M enzymes
Another ominous concern from the past decade is the
discovery of CTX-M enzymes (named for their pre-
dominant activity against cefotaxime), which have
become the most prevalent ESBLs in health care and
community settings alike.'”° Gram-negative organisms
possessing these plasmids carry aminoglycoside, tetracy-
cline, sulfonamide, or fluoroquinolone resistance genes.
While nosocomially acquired CTX-M-producing
Enterobacter or Klebsiella species were initially domi-
nant, these resistant enzymes have migrated to many
other Enterobacteriaceae organisms and to P aerugi-
nosa. Furthermore, ESBLs of the CTX-M type also have
invaded the community setting. CTX-M-producing E
coli is a rapidly developing problem, especially among
compromised patients with community-acquired uri-
nary tract infections (eg, those with underlying disease,
recent antibiotic use, or health care contact). Although
the precise mode by which these organisms are spread
remains unclear, they are being isolated more frequently
and are no longer confined to hospitals.”

Other worrisome pathogens

Other emerging pathogens of concern include car-
bapenem-resistant K pneumoniae isolates’' and a new,
highly virulent strain of Clostridium difficile.”” In addi-
tion to nosocomial infections, there has been a rise in
the number of community-acquired cases of C diffi-
cile—associated diarrhea.”” Because both K pneumoniae
and C difficile are resistant to virtually all commonly
used antibiotics, control of their spread—via active
surveillance, antibiotic stewardship, and meticulous
attention to contact precautions—is crucial.

Bl MULTIDISCIPLINARY COLLABORATION NEEDED

The continued emergence of multidrug-resistant
gram-positive and gram-negative bacteria in health
care and community settings calls for a collaborative
effort to reduce treatment failures and to minimize
the spread of these bacteria between health care set-
tings and within the community. All clinicians need
to keep up-to-date on resistance patterns (with the

VOLUME 74 ¢ SUPPLEMENT 4 AUGUST 2007 S3



WHAT IS HAPPENING AND WHO CAN HELP?

aid of laboratory surveillance) and to administer
empiric regimens that address resistance phenotypes.
Overall, antimicrobial therapy choices should be
effective against any likely resistant bacteria, and the
optimal antimicrobial regimen is one that has a low
potential to induce resistance. As antimicrobial
research and development languish,” rational policies
for prescribing existing anti-infective agents and strict
infection control measures are the current mainstay
efforts for preventing and curtailing multidrug-resist-
ant bacterial infections.

Three key provider groups

The widespread emergence of resistant pathogens,
including transmission of some pathogens between
health care and community environments, suggests
that health care providers can no longer practice in
an independent or isolated manner. Traditional
provider roles are well recognized, but further collab-
oration is needed to deal with the proliferation of
multidrug-resistant organisms. Key providers who can
help include primary care clinicians, hospitalists, and
infectious disease specialists.

The primary care clinician is the patient’s first
accessible health care contact and serves as an advo-
cate for patients as well as an intermediary between
patients and the health care system.”* The previously
mentioned emergence of MRSA and C difficile infec-
tions in community settings demands that primary
care clinicians be aware of the features of these infec-
tions and aware of appropriate treatments and infec-
tion control measures.

Hospitalists represent a relatively new physician
specialty whose primary focus is the care of hospitalized
patients.” " Hospital medicine has been recognized as
a defined field in the United States for about 10 years
and is the nation’s fastest-growing physician specialty.
The current number of hospitalists—approximately
15,000—is anticipated to at least double in the next 5
to 10 years. As originally conceived, the role of the
hospitalist is to accept “hand-offs” of hospitalized
patients from primary care physicians, provide expert
inpatient care to these patients, and then return these
patients to the care of their primary care physicians at
discharge. Hospitalists also have the opportunity to
serve as systems leaders by effecting changes to
improve the health outcomes of hospitalized patients.
They frequently serve on hospital committees, help
develop clinical guidelines, and lead multidisciplinary
teams to optimize patient care.

Infectious disease specialists are often consulted
in cases of undiagnosed symptoms or conditions.
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They diagnose and treat infections, scrutinize micro-
bial susceptibility patterns, serve on infection control
and formulary committees, establish antibiotic guide-
lines, provide consultation on optimal antimicrobial
use in the hospital setting, and supervise parenteral
antimicrobial use outside the hospital.

All of these specialties need to work together to
develop a health care delivery system that will com-
bat the urgent challenges posed by multidrug-resist-
ant pathogens.

A need for new multidisciplinary approaches

New approaches are needed for the management and
treatment of nosocomial infections caused by multi-
drug-resistant organisms. While several specific strate-
gies have been suggested to improve the outcomes of
patients with severe bacterial infections—such as the
use of treatment guidelines, antibiotic prophylaxis
restrictions, the use of antibiotics in combination, de-
escalation therapy, cycling therapy,” and short-course
therapy—a multidisciplinary approach is essential.
Closer collaboration among hospitalists, pharmacists,
infection control practitioners, and infectious disease
specialists can potentially bridge the gap between
global strategies and individual patient needs. Such
collaboration also must extend to primary care clini-
cians and continuity-of-care providers. The need for
teamwork is highlighted in recently published guide-
lines from the Infectious Diseases Society of America
and the Society for Healthcare Epidemiology of
America on developing an institutional program to
enhance antimicrobial stewardship.”

Finally, it is impossible to overstate the importance
of appropriate infection control measures and contin-
ued surveillance of resistance patterns. In many cases,
surveillance efforts will require institutional support
in the form of information technology services to
ensure that accurate real-time information is avail-
able to clinicians and policymakers.

M THE SCOPE OF THIS SUPPLEMENT

[t is in this context that this journal supplement aims
to update clinicians on the challenges of infections in
hospitalized patients and increasing antimicrobial
resistance in the 21st century. Dr. Thomas M. File, Jr,
takes the supplement from here with a detailed
overview of the impact of community-acquired
MRSA in the hospital setting. Next, Dr. Louis B. Rice
discusses emerging issues in the treatment of infections
caused by multidrug-resistant gram-negative organ-
isms. Drs. James I. Merlino and Mark A. Malangoni
then describe empiric treatment options for compli-
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cated skin and soft-tissue infections, and Dr. John A.
Weigelt outlines empiric treatment options for com-
plicated intra-abdominal infections. Finally, Drs.
Morton P. Goldman and Radhika Nair explore the
role of pharmacoeconomics in the antimicrobial for-
mulary decision-making process as well as the eco-
nomic impact of antimicrobial resistance.

Our hope is that readers will come away from this
supplement better equipped to contribute to the multi-
disclipinary efforts urgently needed to combat the chal-
lenges posed today by serious infections. Success will
demand that we all be informed and involved.
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Impact of community-acquired methicillin-resistant
Staphylococcus aureus in the hospital setting

B ABSTRACT

The epidemiology of methicillin-resistant
Staphylococcus aureus (MRSA) is undergoing

a transformation as isolates of this historically
health care—associated pathogen are reported

with increasing frequency in otherwise healthy
community-dwelling individuals. This article provides
a brief review of the differences between health
care—associated and community-acquired MRSA
and discusses the potential impact of the changing
epidemiology of MRSA on the hospital setting.

M KEY POINTS

MRSA infections are no longer limited to health care
settings and appear with increasing frequency in
healthy, community-dwelling individuals.

The growing presence of a community reservoir for
MRSA affects control of the pathogen in the hospital
setting, and gradual expansion of this reservoir can
lead to failure of traditional control measures.

Strains of community-acquired MRSA have already
entered the health care setting, caused nosocomial
infections, and, in some cases, displaced health care—
associated strains.

Reconsideration of current control strategies for
MRSA in hospitals is necessary in light of the
emergence of community-acquired MRSA as a
clinically significant pathogen.

Dr. File reported that he received an honorarium, which he donated to a memo-
rial fund, from Wyeth Pharmaceuticals for preparation of this article.

The initial draft of this article was prepared by Upside Endeavors, a medical
education company, based on an outline agreed to by the author. The author
completed, revised, and approved the submitted manuscript.
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ethicillin-resistant strains of Staphylococcus

aureus (MRSA) were first described in the

early 1960s, shortly after the introduction

of semisynthetic penicillins. The subse-
quent emergence of MRSA has historically been asso-
ciated with the health care setting, and this pathogen
is now a common cause of nosocomial infections gen-
erally resistant to multiple antimicrobial drugs. In fact,
more than half of the infections caused by S aureus in
intensive care units and more than 40% of S aureus
infections outside of intensive care units in US hospi-
tals are now attributable to MRSA,! which causes a
variety of bloodstream, respiratory/urinary tract, and
skin and soft-tissue infections.

Outside of the health care setting, MRSA infec-
tions are increasingly being reported in otherwise
healthy, community-dwelling individuals without
health care—associated risk factors for infection.””
The incidence of so-called community-associated or
community-acquired MRSA (CA-MRSA) infections
was first reported in the early 1980s°” and has since
been on the rise. Outbreaks have been reported in
specific geographic locations**'* and in several well-
defined and characteristically “closed” populations,
including Alaskan natives, American Indians, chil-
dren, participants in team sports, military personnel,
and correctional facility inmates.”™ CA-MRSA is
now the predominant cause of community-associated
skin infections.”

B DEFINING ‘COMMUNITY’

A survey of the available literature reveals a lack of a
standard classification system to define CA-MRSA.
Related terms are often used interchangeably, and dif-
ferent authors use varying degrees of specificity when
describing “community.” This variability in nomen-
clature and definition has been previously noted,* and
the need for a clearer, better-delineated classification
system for MRSA infections has recently been high-
lighted.”"** The currently used system for classifica-
tion of MRSA infections (Figure 1) will likely under-
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go future revision as we gain greater insight into the
changing epidemiology of this disease.

Classification guided by time of isolation, risk factors
Two primary factors currently used in the categoriza-
tion of MRSA infections are time of infection isolation
and the presence or absence of MRSA-related risk fac-
tors (Figure 1).*%

Generally, MRSA strains isolated after 48 to 72
hours of admission to a health care facility, or those
present at the time of admission in recently discharged
patients or residents of long-term care facilities, are
interchangeably referred to as nosocomial, hospital-
acquired, hospital-associated, or health care—associated
MRSA (HA-MRSA).

Terms used to describe cases of infection not involv-
ing a traditional health care setting (CA-MRSA)
include community-acquired, community-associated, and
community-onset. Of these, community-onset is generally
used to refer to infections that begin outside of the
health care setting (regardless of the presence of risk
factors for MRSA), while infections occurring in a
community setting in the absence of risk factors for

MRSA are considered by some to represent cases of
“true” CA-MRSA.*

Characteristics of community-acquired MRSA
Current criteria set forth by the Centers for Disease
Control and Prevention” for distinguishing CA-MRSA
from HA-MRSA state that patients with CA-MRSA
infection tend to have all of the following characteristics:

e Diagnosis of MRSA made in the outpatient set-
ting or on the basis of a positive culture for MRSA
within 48 hours after hospital admission

e No medical history of MRSA infection or colo-
nization

e No history in the preceding year of hospitaliza-
tion, dialysis, surgery, or admission to a nursing home,
skilled nursing facility, or hospice

e No permanent indwelling catheters or medical
devices that pass through the skin into the body.

H HOW COMMUNITY-ACQUIRED MRSA DIFFERS
FROM HEALTH CARE-ASSOCIATED STRAINS

Community-acquired strains of MRSA are distinct
from HA-MRSA strains from genotypic, phenotypic,
and epidemiologic perspectives.””

At a genetic level, CA-MRSA is more similar to
methicillin-susceptible S aureus (MSSA) than to tra-
ditional MRSA,” and its emergence appears to be due
to the acquisition, by an MSSA strain, of the staphy-
lococcal cassette chromosome (SCC) carrying mecA,

CLEVELAND CLINIC JOURNAL OF MEDICINE

Classifying MRSA infections:
Time of isolation, risk factors are key

Staphylococcal infections

\

Antimicrobial susceptibility?

Y Y

MSSA MRSA

Time of isolation?

Y

Y

o Health care-associated
¢ Hospital-acquired

¢ Hospital-associated

* Nosocomial

Infection isolated after 48-72
hours of admission to health care
setting, or present at admission
in recently discharged patient or
resident of long-term care facility

e Community-acquired
e Community-associated
e Community-onset

Infection isolated in outpatient
setting or within 48-72 hours
of admission to a health care
facility

Risk factors?

Y

Y

Community-onset

Infection began outside of
health care setting, regardless
of risk factors

Community-acquired

Infection began outside of
health care setting, in absence
of MRSA-associated risk factors

FIGURE 1. Generalized classification of infections caused by
methicillin-susceptible (MSSA) and methicillin-resistant (MRSA) strains
of Staphylococcus aureus. Based on data in references 4 and 23.

the gene encoding the methicillin-resistant penicillin-
binding protein.” Strains of CA-MRSA are more fre-
quently susceptible to a variety of non—beta-lactam
antibiotics. Although a small percentage contain
SCCmec type V, these strains predominantly carry
SCCmec type IV, which is smaller in size than the gene
cassette found in most strains of HA-MRSA (types I,
I1, and III). This observed differential in SCC size may
allow for more efficient transfer of resistance among
different bacteria,” a factor that may be relevant in
the alarmingly rapid emergence of CA-MRSA.
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IMPACT OF COMMUNITY-ACQUIRED MRSA

TABLE 1

Microbial profiles of health care-associated and community-acquired strains of MRSA

Strain SCCmec gene Antibiotic resistance PFGE type Toxins  PVL genes Infection spectrum

HA-MRSA  Types |, II, and Il Multidrug-resistant USA 100 Fewer Rare Bloodstream, respiratory tract,
urinary tract infections

CA-MRSA  Types IV and V Resistance typically limited ~ USA 300 More Common Commonly: skin and

to beta-lactams and
erythromycin, although
multidrug resistance
can occur

soft-tissue infections
Occasionally: necrotizing fasciitis,
necrotizing pneumonia

HA-MRSA = health care-associated methicillin-resistant Staphylococcus aureus
CA-MRSA = community-acquired methicillin-resistant Staphylococcus aureus
SCCmec = staphylococcal cassette chromosome mec

PFGE = pulsed-field gel electrophoresis

PVL = Panton-Valentine leukocidin

The potential of CA-MRSA strains to cause seri-
ous illness is further underscored by their production
of a relatively greater number of recognized staphylo-
coccal virulence factors compared with HA-MRSA.
Most notably, CA-MRSA strains frequently carry the
Panton-Valentine leukocidin genes that produce
cytotoxins associated with tissue necrosis and leuko-
cyte destruction, although controversy remains con-
cerning the definitive role of these genes in CA-
MRSA." Based on pulsed-field gel electrophoresis,
almost all CA-MRSA strains are from a single clone
(USA 300).%%

These and other characteristics of both types of
MRSA are contrasted in Table 1.

B EMERGENCE OF COMMUNITY-ACQUIRED MRSA:
EVIDENCE AND IMPLICATIONS

Reports of CA-MRSA prevalence vary widely among
different studies.* This is due, in part, to the lack of a
standard definition for CA-MRSA and differences
among studies in patient setting and associated risk
factors.””” The overall prevalence CA-MRSA
appears to be increasing.”**** In some recent studies,
the percentage of community-associated S aureus that
was resistant to methicillin has exceeded 50%.7*

In one study conducted from October 2003
through February 2004 in Oakland, California, 137
emergency department patients with skin and soft-
tissue infections were evaluated for CA-MRSA.” Of
119 infection-site cultures obtained, 79 (66.4%) grew S
aureus, of which 61 (77.2%) were methicillin-resistant.
Seventy-six percent of these cases met the clinical

definition of CA-MRSA, with 99% of the MRSA
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strains positive for the SCCmec IV allele and 94%
positive for Panton-Valentine leukocidin genes.

A more recent study found that MRSA was the
cause of 59% of skin abscesses among adults present-
ing to 11 emergency departments across the United
States.”” The USA 300 strain accounted for 97% of
the MRSA isolates that were typed.”

Community-acquired strains enter the hospital setting
Strains associated with the community setting have
been introduced into hospitals in recent years, resulting
in nosocomial infections and, in some cases, displace-
ment of health care-associated strains.””™ In a 2003
meta-analysis of 27 retrospective and 5 prospective
studies, CA-MRSA was found to account for 30.2%
and 37.3%, respectively, of MRSA isolates from hospi-
talized patients.* While a large majority (85%) of these
patients had one or more health care—associated risk
factors for MRSA,* the remainder represent cases of
“true” CA-MRSA. In this same analysis, the pooled
colonization rate for MRSA among community-
dwelling individuals was found to be 1.3%, with an
even lower rate (0.2%) among those without any
health care contacts. While these findings show a com-
paratively higher prevalence of CA-MRSA strains in
the health care setting, molecular evidence shows the
emergence of MRSA strains in the community to be
independent of a hospital reservoir.””

In a more recent study that included 319 patients
with CA-MRSA infection who presented to one of
several rural hospitals in Idaho or Utah, 75% of these
patients did not have any identified risk factor for
MRSA.* Another study from a single medical center
in Atlanta evaluated 384 persons with microbiologi-
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cally confirmed community-onset S aureus skin infec-
tions, of which 72% were due to MRSA.** Among all
S aureus isolates, 63% were considered to be commu-
nity-acquired and 99% were the USA 300 clone. This
rate of CA-MRSA represents a much higher percent-
age than reported in the meta-analysis and suggests
that the actual incidence of CA-MRSA is increasing.

A threat to resistance control measures

The emergence of CA-MRSA and the growing pres-
ence of a community reservoir for methicillin-resist-
ant strains threatens future control of antimicrobial
resistance in the health care setting. Since CA-
MRSA may now significantly contribute to nosoco-
mial dissemination of MRSA within hospitals, the
distinction between CA-MRSA and HA-MRSA
within the hospital setting has become blurred. The
migration of resistant strains from the community
reservoir into hospitals is a potentially troubling
development, and gradual increases in this community
reservoir can be expected to lead to failure of tradi-
tional control measures. Recognition and isolation of
symptomatic individuals, along with contact-tracing
and quarantining, are two basic measures of control
that cannot be used effectively in a community set-
ting. Isolation of infected individuals and carriers is
much less manageable in a community setting com-
pared with the relatively closed and controlled envi-
ronment of the hospital. For this reason, the presence
of a community reservoir from which resistant strains
can recurrently be transmitted into the health care
setting is a significant and growing challenge for the

control of MRSA.

Differing spectrums of disease
It is important that clinicians be aware of the spectrum
of disease caused by CA-MRSA, which differs from
that of HA-MRSA in distribution and pattern of
infection. Patients infected with CA-MRSA tend to
be significantly younger than those infected with tra-
ditional strains of MRSA.”* Unlike traditional MRSA
strains, which often are isolated from the bloodstream
and the respiratory and urinary tracts, CA-MRSA
strains are typically found on skin and in soft tissue
and occur in settings that involve crowding, contact,
and compromised hygiene.* Interestingly, because skin
infections due to CA-MRSA often have a necrotic
center, many have been mistaken for spider bites.
Among 1,647 patients with CA-MRSA in a popu-
lation-based surveillance study in Maryland, Georgia,
and Minnesota, 77% had skin or soft-tissue infections,
10% had wound infections, 5% had respiratory tract
infections (3% sinusitis, 2% pneumonia), and 4% had

CLEVELAND CLINIC JOURNAL OF MEDICINE

urinary tract infections.” A separate study that com-
pared HA-MRSA and CA-MRSA infections in
Minnesota found that they broke down by infection
type as follows":

HA-MRSA CA-MRSA

Skin and soft tissue, 36%  Skin and soft tissue, 74%
Respiratory tract, 22% Oritis media, 7%
Urinary tract, 20% Respiratory tract, 6%
Bloodstream, 9% Bloodstream, 4%
Others, 13% Others, 9%

Stevenson et al reported similar distributions by site
of infection in their study of HA-MRSA and CA-
MRSA in rural communities in Idaho and Utah.*

Differing resistance patterns

Another difference between the two strains is that
HA-MRSA is usually resistant to multiple classes of
antimicrobials, whereas the usual pattern for CA-
MRSA is resistance to the beta-lactams and erythro-
mycin but susceptibility to other drugs tested.
However, as CA-MRSA strains may disseminate
within the hospital, it is possible that they may develop
additional antimicrobial resistance. CA-MRSA
strains are often susceptible to clindamycin, but the
emergence of resistance during therapy has been
reported, especially among erythromycin-resistant
strains. Thus, an erythromycin-induction test (D-
test) should be performed on such isolates to deter-
mine the presence of in vitro inducible resistance.
Although these infections are generally mild in
nature, more serious infections leading to hospitaliza-
tion or death have occasionally been described,
including bacteremia, necrotizing fasciitis, and necro-
tizing pneumonia.”' %

B FUTURE NEEDS: VIGILANCE, MORE STUDIES,
REVISED CONTROL MEASURES

The continuing emergence of CA-MRSA as a noso-
comial pathogen is a serious public health problem
that warrants increased vigilance to ensure correct
diagnosis and proper management of suspected
staphylococcal infections. Overall, infection with
resistant strains of S aureus has been shown to carry a
worse prognosis than infection with methicillin-
sensitive strains of the pathogen, and hospitalized
patients with MRSA face longer hospital stays, higher
inpatient costs, and a higher mortality risk than do
patients with MSSA.*~* This burden can only be
expected to increase in the presence of a community
reservoir for methicillin-resistant strains. The possi-
bility for accumulation of added resistance patterns
among CA-MRSA strains will further increase this
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burden and have a significant negative impact on the
hospital setting.

Our current understanding of the epidemiology of

CA-MRSA is incomplete, and further studies are
needed to better define optimal control measures.”
Overall, the changing epidemiology of MRSA will
require implementation of a revised set of control
measures in both the hospital and community settings.
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Emerging issues in the management of infections
caused by multidrug-resistant gram-negative bacteria

B ABSTRACT

Accumulating evidence indicates that treating seriously
ill infected patients with active antibiotics early in the
course of infection is critical to improving outcomes.
The most common reason for ineffective empiric ther-
apy is resistance to the agents used. Gram-negative
bacteria are becoming increasingly resistant to many
commonly used antibiotics, and some cases require
older, more toxic antibiotics for adequate microbial
coverage. The diversity of resistance mechanisms that
underly multidrug resistance makes developing effec-
tive new antimicrobial agents very difficult, especially
against problematic species such as Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Klebsiella pneu-
moniae. This growing problem requires a multipronged
strategy that includes adherence to infection control
principles, parsimonious and rational use of current
antimicrobial agents, and development of new agents
active against multidrug-resistant pathogens.

B KEY POINTS

Multidrug-resistant gram-negative bacteria continue to
grow in importance in hospitals with high percentages
of vulnerable patients. Recognizing the resistance
patterns present in hospitals is key, as are empiric treat-
ment regimens that address resistance phenotypes.

Attention to infection control measures is critical to
reducing the spread of resistance, as are coherent
strategies for minimizing overall antibiotic use.

Rational use of newer antibiotics that offer some
activity against resistant pathogens will be important
for maintaining these agents’ clinical utility.

Dr. Rice reported that he has received consulting/advisory fees from Wyeth Pharma-
ceuticals, Elan Corp., Merck & Co., Novexel, and Johnson & Johnson and has
received honoraria from Wyeth and Elan for speaking or writing.

The author reported that he prepared this article without assistance from any
medical education company.
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n the past decade, patients and physicians have

benefited from the introduction of several antimi-

crobial agents targeted toward the treatment of

infections caused by drug-resistant gram-positive
pathogens, primarily methicillin-resistant Staphylococcus
auwreus and vancomycin-resistant enterococci. These
agents include quinupristin-dalfopristin (Synercid), line-
zolid (Zyvox), daptomycin (Cubicin), and tigecycline
(Tygacil) (Table 1). Of these, only tigecycline has activ-
ity that extends to gram-negative pathogens,' although
its activity is not sufficient to justify use in the treatment
of infections caused by Pseudomonas aeruginosa.

This focus on gram-positive pathogens has been
justified, given the relative dearth of agents active
against these species prior to the introduction of the
newer antibiotics. However, while substantial progress
was made against gram-positive pathogens, a progres-
sive increase in resistance among gram-negative
pathogens has continued unabated. In many intensive
care units (ICUs), multidrug-resistant gram-negative
bacilli such as P aeruginosa, Acinetobacter baumannii,
and Klebsiella pneumoniae now pose the greatest thera-
peutic challenge, especially for the empiric treatment
of patients with systemic inflammatory response syn-
drome or frank sepsis.

This article will discuss the importance of effective
therapy for good outcomes in critically ill infected
patients, explore the mechanisms by which gram-
negative bacteria have become resistant to multiple
antibiotics, and review options for the treatment of
multidrug-resistant gram-negative pathogens.

B EMPIRIC THERAPY AND OUTCOMES:
APPROPRIATE INITIAL THERAPY MATTERS

A large body of evidence has accumulated over the past
decade indicating that appropriate antibacterial therapy,
administered early, has a significant impact on the out-
comes of serious bacterial infections (Table 2).*”

In an early study of ventilator-associated pneumonia
from a single ICU with a small number of patients,
Luna et al* reported substantially higher mortality
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TABLE 1
Recently licensed intravenous antimicrobial agents
and their activities

Year Extended Broad
of US gram-positive gram-negative
approval activity* activity
Quinupristin- 1999 + -
dalfopristin
(Synercid)
Linezolid 2000 + =
(Zyvox)
Moxifloxacin 2001 - +
(Avelox)
Ertapenem 2001 = +
(Invanz)
Daptomycin 2003 + -
(Cubicin)
Tigecycline 2005 + +
(Tygacil)

* Including methicillin-resistant Staphylococcus aureus and vancomycin-resistant
enterococci.

(91%) in patients given inadequate initial antimicro-
bial therapy than in those given agents active against
the identified pathogen(s) (38%). The majority of inad-
equately treated microorganisms in this 1997 study were
resistant gram-negative bacteria (Acinetobacter species,
K pneumoniae, and P aeruginosa).

In a separate study of ventilator-associated pneu-
monia published that same year, Rello et al’ found a
greater than 20% increase in mortality in patients
given inadequate initial antimicrobial therapy (see
Table 2 for specific rates). Most of the pneumonia
cases in this study were “late” pneumonias, and P
aeruginosa was the predominant pathogen identified.

In a 1998 study, Kollef and Ward* reported a mor-
tality rate of 56.8% when a resistant pathogen was
identified on mini-bronchoalveloar lavage compared
with 31.3% when empiric antimicrobial regimens
were active against the identified pathogen.

More recent studies have examined the impact of
adequate therapy on mortality associated with bac-
teremia and sepsis. In a study from a university-affiliated
ICU, Ibrahim et al’ reported a mortality rate of 61.9%
for inadequately treated patients with bloodstream infec-
tions compared with 28.4% for patients who received
adequate therapy. Candida species and multidrug-resist-
ant gram-positive bacteria predominated.

In a multicenter observational study of community-
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TABLE 2

Comparative mortality rates with adequate and
inadequate initial antimicrobial therapy in recent
studies of patients with serious bacterial infections

Mortality rates

Adequate Inadequate
Study initial therapy initial therapy
Luna et al’ 38% 91%
Rello et al’ 15.4% 37.0%
Kollef and Ward" 31.3% 56.8%
Ibrahim et al’ 28.4% 61.9%
Vallés et al® 37.0% 69.4%
Harbarth et al’ 24% 39%

acquired bacteremia, Vallés et al® found that survival in
the first 48 hours among patients who presented with
septic shock improved by more than 25% with appro-
priate antimicrobial therapy (Table 2). As expected
with community-acquired infections, gram-positive
bacteria predominated, and Escherichia coli represented
60% of the identified gram-negative bacteria.

Most recently, Harbarth et al” analyzed data gath-
ered from a multicenter study of the safety and efficacy
of the soluble tumor necrosis factor receptor fusion pro-
tein lenercept, and they found a 15% increase in mor-
tality among patients given inadequate as opposed to
adequate initial antimicrobial therapy (Table 2). The
most frequent bacteria for which inadequate therapy
was administered in this study were P aeruginosa,
Stenotrophomonas maltophilia, Acinetobacter species,
methicillin-resistant S aureus, and enterococci.

It has become evident that effective therapy for
ventilator-associated pneumonia and bacteremia due
to a variety of microorganisms requires an initial reg-
imen that demonstrates in vitro activity against the
causative pathogen. The most common reason for
inadequate therapy is resistance to the administered
regimen. Therefore, understanding the mechanisms
of resistance and therapy alternatives for problematic
gram-negative bacteria is of profound importance.

Il EXPRESSION OF MULTIDRUG RESISTANCE
IN GRAM-NEGATIVE BACTERIA

The expression of multidrug resistance in gram-nega-
tive bacteria hinges primarily on the presence of two
characteristics:
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Porins, pump mutations defend gram-
negative bacteria against beta-lactams
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FIGURE 1. The role of porins and pump mutations in defending
gram-negative bacteria against beta-lactam antibiotics. (A) Under
circumstances in which porins are plentiful and passage through
them is relatively quick, a beta-lactam has a significant advantage in
that it can enter the cell in large numbers, overwhelming the num-
ber of lactamases present for defense and inhibiting enough peni-
cillin-binding proteins to result in cell death. (B) After exposure to
beta-lactams and other antimicrobial agents, some bacteria (notably
Pseudomonas aeruginosa) are able to take several defensive actions.
They reduce the quantity of porins in the outer membrane, retarding
the beta-lactam’s entry into the periplasmic space. They activate
RND pumps, which “vacuum” the beta-lactams from the periplasmic
space and expel them into the surrounding media. They also can
increase the quantity of beta-lactamase that is produced. Under these
circumstances, even a beta-lactamase that shows relatively weak
activity in vitro can mount a sufficient defense to prevent cell death.

¢ The ability to access, then express, a variety of re-
sistance determinants that may come from other species

e The ability to marshal intrinsic mechanisms
that tend to amplify levels of resistance expressed by
acquired mechanisms.

Control of periplasmic space is key

Gram-negative bacteria are structured in such a way
that, to gain access to the cell, an invading compound
must first traverse the outer membrane and enter the
periplasmic space, a narrow region that extends from
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the outer membrane to the cytoplasmic membrane
(Figure 1) and within which lies the cell wall. In the
vicinity of the cytoplasmic membrane, cell wall precur-
sors are brought out from the cytoplasm and attached to
the growing and remodeling cell wall by penicillin-
binding proteins, which are the targets of all beta-
lactam antibiotics (penicillins, cephalosporins, car-
bapenems, monobactams). Thus, inhibition of peni-
cillin-binding proteins does not require antibiotic entry
into the cell itself, but simply into the periplasmic
space. Controlling the periplasmic space is therefore
extraordinarily important to a bacterium’s survival in an
antibiotic-rich environment, and this control is exerted
through both nonspecific and specific mechanisms.

Nonspecific mechanisms: Porins and efflux pumps
Most solutes must enter the outer membrane of the
bacterial cell by passing through protein channels
known as porins.® All porins are not created equal, and
some allow solutes to pass through more quickly than
others.® The rate at which solutes pass through porins
is referred to as the permeability of the outer mem-
brane. Among human pathogens, P aeruginosa and A
baumannii have among the most impermeable of outer
membranes, giving them an immediate survival advan-
tage in antimicrobial-rich environments. In contrast, E
coli has a relatively porous outer membrane.’

Under appropriate conditions, some bacteria can
reduce expression of outer membrane porins to limit
entry into the periplasmic space. Perhaps the most
explicit example of this is P aeruginosa and its expres-
sion of resistance to imipenem.” Of course, porins exist
for purposes other than to admit antibiotics to the
periplasmic space, so reductions in their content are
likely to confer a selective disadvantage in an environ-
ment free of antibiotics. It is therefore not unusual for
porin mutants to become less prevalent when selective
pressure from antimicrobials is no longer applied.

Another mechanism for controlling the content of
the periplasmic space is the expression of multidrug
efflux pumps. Efflux pumps are transport proteins
involved in the extrusion of toxic substrates (includ-
ing antibiotics) from within cells into the external
environment; multidrug efflux pumps can extrude a
wide range of compounds. Research over the past
decade has elucidated the impact that multidrug efflux
pumps have on the expression of antibiotic resistance.

The most common and clinically important efflux
pumps in gram-negative bacteria are the so-called
RND (resistance-nodulation—cell division) pumps.'®
RND pumps have an outer membrane component, a
cytoplasmic membrane component, and a third com-
ponent that connects and holds together the other
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two. Although primarily designed to extrude materi-
als from the cytoplasm into the surrounding media,
these pumps also have an opening into the periplas-
mic space."" This would theoretically allow efflux of
compounds that are in the periplasmic space as well,
which would explain the observation that expression
of RND-type pumps has discernable impact on levels
of resistance to different beta-lactam antibiotics,
which do not enter the cytoplasm of bacterial cells.

Specific mechanisms:

Increased beta-lactamase expression

Porin and pump mechanisms of resistance are essen-
tially nonspecific, since porins exist to transport a
variety of molecules and since pumps, while having
characteristic substrate profiles, extrude a variety of
compounds. In addition to these nonspecific mecha-
nisms, gram-negative bacteria can specifically control
antimicrobial action within the periplasmic space by
expressing beta-lactamases. As opposed to the beta-
lactamases of gram-positive bacteria (which lack
outer membranes), those expressed by gram-negative
bacteria are not released into the surrounding media
but are largely trapped within the periplasmic space.
The ability to increase expression of beta-lactamases
allows gram-negative bacteria to “pack” the periplas-
mic space with enzymes (Figure 1). Under these cir-
cumstances, even relatively weak beta-lactamases can
confer a high enough level of resistance to be clini-
cally significant.” When increased expression of beta-
lactamase is combined with porin reductions or RND
pump activations, resistance levels can be substantial.

B MULTIDRUG-RESISTANT GRAM-NEGATIVE BACTERIA

Klebsiella pneumoniae
K pneumoniae differs from the other two multidrug-
resistant gram-negative bacteria, P aeruginosa and A
bawmannii, in some important respects. Like the vast
majority of gram-negative bacteria (Salmonellae organ-
isms being the only known exception), K pneumoniae
expresses a beta-lactamase that is encoded on the chro-
mosome. Unlike the enzymes of P aeruginosa and A
baumannii, however, this enzyme is constitutively
(rather than inducibly) expressed and is a penicillinase
with relatively weak activity against cephalosporins.'
Because K pneumoniae does not produce a cephalo-
sporinase, it cannot easily develop resistance to
cephalosporins simply by changing the regulation of its
chromosomal beta-lactamase gene. Instead, K pneumo-
niae has become resistant to cephalosporins through
the acquisition of cephalosporin-hydrolyzing enzymes
(extended-spectrum beta-lactamases, or ESBLs)."” In
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most cases, such an expansion of the substrate spec-
trum can be accomplished by one or two point muta-
tions in narrow-spectrum beta-lactamase genes. These
mutant genes are frequently encoded on transferable
plasmids that also encode resistance to a variety of
other antimicrobial agents, including trimethoprim-
sulfamethoxazole, tetracyclines, aminoglycosides, and,
more recently, fluoroquinolones.'*"

It is not clear to what extent K pneumoniae uses
RND-type multidrug efflux pumps to express resistance
to beta-lactam antibiotics. There is at least one such
pump in K pneumoniae, activation of which has been
associated with resistance to the new glycylcycline
antibiotic tigecycline.' It is very clear, however, that K
pneumoniae frequently uses reductions in outer mem-
brane porins to amplify resistance. The majority of
ESBL-producing K pneumoniae isolates in some studies
have had reductions in one or more outer membrane
proteins.'” Moreover, ESBL genes are frequently found
downstream of promoters that contain mutations
known to increase expression.'® Finally, ESBL-produc-
ing K pneumoniae strains frequently express a number
of different beta-lactamases, further amplifying the
quantity of beta-lactamase in the periplasmic space.”

One consequence of increased beta-lactamase quan-
tity is that beta-lactamase inhibitors, which are generally
quite effective at inhibiting ESBLs, become over-
whelmed. As a result, in many studies the majority of
ESBL-producing K pneumoniae isolates are also resistant
to inhibitor combinations, even though the ESBLs
themselves are usually susceptible to inhibition.”

For many years, the most reliable agents for multi-
drug resistant K pneumoniae were the carbapenems,
since they were resistant to hydrolysis by ESBL-type
enzymes.” Recently, however, K pneumoniae strains
resistant to imipenem have appeared in different geo-
graphic locales and have spread widely in New York
City. These strains produce beta-lactamases designated
K pneumoniae carbapenemase (KPC).*” The strains that
express them are resistant to all beta-lactam antibiotics
and frequently to fluoroquinolones and aminoglyco-
sides as well. They are currently creating major thera-
peutic challenges in hospitals throughout the New
York City area and threaten to spread elsewhere.”

Pseudomonas aeruginosa

P aeruginosa has as many tools for developing resistance
to antibiotics as any bacterium ever studied. As noted
above, the outer membrane porins of P aeruginosa are
“slow” porins, resulting in reduced access of antibiotics
to the periplasmic space.® In addition, P aeruginosa is
readily able to reduce porin quantities to restrict access.
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Analysis of the P aeruginosa genome indicates the likely
presence of 12 different RND-type efflux pumps, seven
of which have been characterized, with six of those
seven extruding antibiotics.” P aeruginosa also has an
inducible chromosomal cephalosporinase.” Finally, P
aeruginosa can acquire a variety of beta-lactamases and
aminoglycoside-modifying enzymes to expand the
spectrum of resistance expressed.

In most instances, it appears that P aeruginosa uses a
variety of tools to express multidrug resistance. In
2001, Dubois et al** reported on an outbreak of P aeru-
ginosa infections in an ICU setting in which resistance
to virtually all antibiotics was expressed. The strains
remained moderately susceptible to cefepime (Maxi-
pime) and amikacin. In all, 69 patients were infected
with this organism. Resistance was due to a combina-
tion of efflux pump activation, porin reduction, and
beta-lactamase expression. Fortunately, patients infected
with this strain responded to therapeutic doses of
cefepime and amikacin.

P aeruginosa also may encode metallobeta-lacta-
mases that hydrolyze carbapenems.” These enzymes
have been described primarily from Japan, where the
use of carbapenems is more extensive than in the
United States. Metalloenzymes have a broad spectrum
of activity, and strains that express them are often
resistant to all other beta-lactam agents (except, in
some cases, aztreonam [Azactam]).” Multidrug resist-
ance in P aeruginosa accompanied by susceptibility to
aztreonam should alert clinicians to the possibility
that a metallobeta-lactamase may be present.

Acinetobacter baumannii
A baumannii is similar to P aeruginosa in many
respects, particularly in the variety of intrinsic mech-
anisms it uses to confer and amplify resistance. A bau-
mannii porins, like those of P aeruginosa, are “slow,””
and resistance in A baumannii has been tied to reduc-
tions in porin quantities.*®

Two RND-type efflux pumps have been character-
ized in A baumannii, and their combined spectrum of
activity is quite broad.”* A baumannii encodes two
different chromosomal beta-lactamases, one that is a
broad-spectrum cephalosporinase and a second that
can hydrolyze carbapenems.” Acquired beta-lacta-
mases also may amplify resistance to carbapenems.”

A baumannii can cause serious infections in
immunocompromised patients, and outbreaks have
been reported in many geographic regions. These out-
breaks are focused mainly in ICUs, with ventilator-
associated pneunomia, wound infections, and blood-
stream infections predominating.” As with P aeru-
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ginosa, significant outbreaks of A baumannii infection
have occurred in ICUs in the New York City area.’*”
The strains responsible for these outbreaks tend to be
resistant to multiple agents, including carbapenems.
A baumannii has also been an important cause of seri-
ous infections in injured US soldiers returning from
the Middle East, and many of these strains have
expressed multidrug resistance.”

Il THERAPEUTIC OPTIONS

Before considering therapeutics, it is worth emphasiz-
ing that assiduous attention to infection control
measures is critical for reducing exposure to multi-
drug-resistant pathogens and aborting outbreaks.
Maximum judiciousness in administering antimicro-
bial agents is also important, since prior exposure to
antibiotics is a frequent and important risk factor for
colonization and infection with multidrug-resistant
bacteria. Still, patients will at times become infected
with multidrug-resistant bacteria, so it is important to
understand what therapeutic options are available for
seriously ill patients.

Options for multidrug-resistant K pneumoniae
Strains of K pneumoniae that are not multidrug-resist-
ant are susceptible to a wide variety of commonly used
antimicrobial agents, including aminoglycosides, beta-
lactam/beta-lactamase inhibitor combinations, car-
bapenems, cephalosporins, fluoroquinolones, mono-
bactams, and trimethoprim-sulfamethoxazole. Since
many ESBL-producing strains of K pneumoniae encode
their ESBL enzymes on large, multidrug-resistant plas-
mids, options for these strains are often reduced to car-
bapenems. In the limited clinical studies that are avail-
able, carbapenems also appear to yield the best thera-
peutic outcomes and are therefore recommended for
treating infections known to be caused by ESBL-pro-
ducing bacteria.””" In selected circumstances, when in
vitro susceptibility is confirmed, beta-lactam/beta-lac-
tamase inhibitor combinations and fluoroquinolones
may be used effectively. Data on the potential efficacy
of the fourth-generation cephalosporin cefepime for
treating ESBL infections are conflicting, so this agent
cannot be confidently recommended as routine therapy
for these infections at this time.

Finding alternatives for the recently emerged
KPC-producing K pneumoniae strains is more difficult.
As shown in Table 3, many of these strains are resist-
ant to multiple antibiotics.”® At present, several hos-
pitals are using the peptide antibiotics polymyxin B or
colistin (Coly-Mycin M), also known as polymyxin E,
as first-line therapy for infections caused by these
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strains. Another alternative is tigecycline, the recently
licensed glycylcycline that exhibits excellent activity
against K pneumoniae strains. In clinical trials sup-
porting its licensing, tigecycline was successful in
treating 46 of 52 patients with intra-abdominal infec-
tions involving K pneumoniae.” More clinical data
will be required before an assessment can be made of
tigecycline’s efficacy against additional multidrug-
resistant strains.

Options for multidrug-resistant

P aeruginosa and A baumannii

Antimicrobial therapy of infections caused by P aeru-
ginosa or A baumannii is always a challenge, even for
strains with typical susceptibility patterns. Strains that
are susceptible at the start of therapy often emerge
resistant before the end of therapy. The resulting fear
of resistance often prompts the use of combination
therapy despite a lack of data to support combination
therapy as a mechanism for preventing the emergence
of resistance in these species. Thus, in selecting treat-
ments for these difficult-to-treat species, we are gener-
ally operating at the edges of commonly accepted evi-
dence-based practices.

The circumstances are even more daunting when
infection is caused by strains known to be resistant to
multiple drugs. Physicians are then often left with the
difficult choice between commonly used antimicro-
bial agents that are only marginally effective in vitro
or infrequently used and toxic therapies that are effec-
tive in vitro. Unfortunately, physicians in critical care
settings increasingly face circumstances in which no
commonly used antimicrobial agents are active in
vitro against the infecting pathogen. In such circum-
stances, the peptide antibiotics polymyxin B and col-
istin are sometimes the only viable choices.
Historically, these peptide antibiotics have been asso-
ciated with renal toxicity and neurotoxicity. Their
use diminished with the availability of broad-spec-
trum beta-lactam antibiotics.

Unfortunately, clinical experience with colistin
and polymyxin B is scarce. Reported use of these
agents against modern multidrug-resistant pathogens
is rare, retrospective, and without adequate controls,
which makes assessing their true efficacy difficult.
The retrospective nature of the reports also often
makes it difficult to accurately assess the true impor-
tance of P aeruginosa or A baumannii as a pathogen in
specific cases. Finally, the serious underlying diseases
that predispose to infection with these bacteria often
complicate estimation of the infection’s contribution
to a patient’s death. Despite these limitations, it is
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TABLE 3
Activity of antimicrobial agents against KPC-producing,
carbapenem-resistant K pneumoniae from Brooklyn, NY

Susceptibility results for 96 isolates (%)

Susceptible Intermediate Resistant

Piperacillin- 0 1 99
tazobactam

(Zosyn)

Cefotetan 59 18 23
(Cefotan)

Ceftazidime 2 0 98
(various)

Cefepime 40 30 30
(Maxipime)

Gentamicin 61 6 33
(various)

Amikacin 45 52 3
(various)

Ciprofloxacin 2 0 98
(various)

Doxycycline 66 10 24
(various)

Polymyxin B 91 0 9
(Polymyxin B)

Tigecycline 100 0 0
(Tygacil)

KPC = Klebsiella pneumoniae carbapenemase
Adapted from Bratu et al.*®

worthwhile to review the available literature on the
use of these agents for these important infections.

Polymyxin B. In a recent study on the clinical
efficacy of polymyxin B, Sobieszczyk et al® retro-
spectively analyzed 29 courses of this therapy in 25
patients with serious respiratory infections. All
patients were also treated with a second antibiotic.
Sixteen of the courses were in patients infected with A
baumannii (7 resistant to all other antibiotics), 12 were
in patients infected with P aeruginosa (5 resistant to all
other antibiotics), and 1 was in a patient with
Alcaligenes xylosoxidans. End-of-treatment mortality,
the primary outcome measure, was 21%, and the out-
come was judged to be favorable at the end of 22 of
the 29 courses of therapy (76%). Only one course of
intravenous polymyxin B was judged to be associated
with significant nephrotoxicity.

Colistin. Three recent studies, all retrospective,
have looked at the efficacy of colistin in treating seri-
ous gram-negative infections.**
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TABLE 4

Activity of imipenem and tigecycline against 49 multidrug-resistant Acinetobacter baumannii strains

MIC (pg/mL) Susceptibility of isolates (%)
Range MICs MICq Susceptible Intermediate Resistant
Imipenem-cilastatin (Primaxin) 1-128 32 20 2 78
Tigecycline (Tygacil) 1-4 2 92 8 0

MIC = minimum inhibitory concentration
Adapted, with permission, from Pachon-Ibanez et al.”

Garnacho-Montero et al* analyzed 35 cases of ven-
tilator-associated pneumonia caused by A baumannii.
Twenty-one of these episodes were susceptible only to
colistin and were treated with colistin; the remaining
14 cases were susceptible to and treated with imipenem-
cilastatin plus a second antibiotic. Clinical cure rates
were 57% in both groups, and nephrotoxicity was
judged to be equivalent between the groups.

Markou et al* reported on 28 critically ill patients
treated with colistin for sepsis, 24 of whom had 26
courses and lived 48 hours so that they were deemed
evaluable. Twenty episodes were due to P aeruginosa
and 6 to A baumannii. Decreased fever and improved
vital signs were noted in 17 of 26 colistin-treated
patients for at least 48 hours, and 7 of 11 patient with
bacteremia had an initial clinical response. Serious
renal impairment was judged to occur in less than
10% of treatment courses.

Kasiakou et al* reported on 50 patients receiving 54
courses of colistin for treatment of serious infections
(predominantly pulmonary and bloodstream infections)
due to A baumannii (27 patients), P aeruginosa (21
patients), and K pneumoniae (2 patients). Virtually all
patients received one or two other antimicrobial agents
concomitantly. Clinical response (cure or improve-
ment) was observed in 36 of 54 episodes (66.7%), and
renal insufficiency was observed in 8% of patients.

Bottom line on peptide antibiotics. In aggregate,
these small retrospective studies suggest that poly-
myxin B and colistin may be effective therapies for seri-
ous gram-negative infections, but better-controlled and
prospective studies clearly are needed to truly define
the role of these agents. On the positive side, neither
agent appears to be as toxic as was once thought.

Our knowledge of these peptide antibiotics has suf-
fered from an important limitation to date: the lack of
an appropriate understanding of the pharmacody-
namic parameters that will optimize their clinical effi-
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cacy. A few recent in vitro studies have investigated
the pharmacodynamics of colistin and polymyxin B
against P aeruginosa.** In general, they have found
that these agents are concentration-dependent killers
and have suggested that the ratio of area under the
curve to minimum inhibitory concentration
(AUC:MICQ) is the most important parameter. They
also have revealed the emergence of resistant mutants
with continued dosing, a problem that has likewise
been noted with nebulized forms of polymyxin B used
to treat patients with cystic fibrosis.

Tigecycline. Although not effective against P aeru-
ginosa, tigecycline may be an alternative for treating
serious infections due to A baumannii. One recent in
vitro study examining multidrug-resistant isolates
indicates that tigecycline retains excellent activity
against A baumannii strains that are resistant to
imipenem and multiple other beta-lactam agents, con-
firming previous studies (Table 4).*” There are cur-
rently no published reports on the efficacy of tigecy-
cline in treating clinical infections due to A bauman-
nii. More clinical experience is required before tigecy-
cline can be confidently recommended for treating
serious infections due to A baumannii.

B UNCERTAIN OUTLOOK FOR NEW ANTIMICROBIALS

Unfortunately, large pharmaceutical firms’ investment
in antibacterial therapy has waned considerably in the
past decade.” Moreover, among the antibacterial agents
that are being developed, the majority are focused on
treating infections due to gram-positive bacteria.
There are several reasons for this decline. First,
most gram-negative bacteria that we encounter
remain susceptible to several classes of available
antibiotics. Second, antibiotics are not among the
most profitable drug classes being developed, even
when successful. Perhaps even more important is the
reality that most of the easy targets for antibacterial
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therapy have already been discovered, which consid-
erably increases the difficulty and cost of discovering
new targets. Moreover, resistant gram-negative bacte-
ria present a particular challenge since many of their
resistance mechanisms are nonspecific, generic mech-
anisms designed to protect the organism against a
wide range of toxic substances. Whereas it is easy to
envision a compound that will avoid a beta-lacta-
mase, it is much more difficult to develop a com-
pound that will resist efflux by one of the 12 putative
efflux pumps we believe P aeruginosa possesses.

B CONCLUSIONS AND RECOMMENDATIONS

Multidrug-resistant gram-negative bacteria are with
us to stay and will continue to grow in importance in
hospitals that have high proportions of vulnerable
patients and use excessive quantities of antibiotics. It
is unlikely that a quick fix for this problem will come
from the pharmaceutical industry in the near future.
We must therefore use the tools available to us to
reduce the spread of resistance. Attention to infec-
tion control measures is critical. Moreover, coherent
strategies for minimizing total antibiotic use will be
important. In addition, rational use of newer antibi-
otics that do offer some activity against these resistant
pathogens will be important for maintaining these
agents’ clinical utility into the future.
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Complicated skin and soft-tissue infections:
Diagnostic approach and empiric treatment options

B ABSTRACT

Skin and soft-tissue infections are common and
generally are uncomplicated at the time of initial pres-
entation. However, these infections can worsen quickly
when there are delays in presentation and treatment.
Upon encountering these infections, physicians must
respond quickly with an appropriate therapeutic plan
and be aware of trends in microbial resistance in
order to optimize patient care.

B KEY POINTS

The primary challenge in managing skin and soft-tissue
infections is to avoid delays in diagnosis and thereby
prevent uncomplicated infections from progressing.

The necessary course of action can include
hospitalization, prompt initiation of antimicrobial
therapy, and surgical consultation.

Many patients with skin and soft-tissue infections will
require surgical intervention for successful treatment.

The recent proliferation of community-acquired
methicillin-resistant Staphylococcus aureus strains
has influenced the choice of antimicrobial therapy.
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rimary care physicians are often the first to

encounter patients with skin and soft-tissue

infections. Many uncomplicated superficial

infections resolve spontaneously with local
care. Determining an exact etiology for these simple
infections is often difficult and usually not necessary.
Patients with these infections typically present to the
physician’s office or emergency department after notic-
ing a painful red area involving the skin that has not
resolved or is worsening. The initial goal should be to
assess whether the patient is more seriously ill and thus
harboring a more complicated infection that requires
emergent intervention. If signs and symptoms of sys-
temic involvement are present—specifically, fever,
tachycardia, or hypotension—immediate hospitaliza-
tion and treatment with intravenous antibiotics is
necessary.

This article discusses the importance of distinguish-
ing between complicated and less serious infections of
the skin and soft tissue and reviews the microbiology,
diagnosis, and empiric treatment of these infections.

B DISTINGUISHING COMPLICATED INFECTIONS

Complicated skin and soft-tissue infections have been
defined by the US Food and Drug Administration (FDA)
using its Center for Drug Evaluation and Research crite-
ria.! Specifically, there are five generally accepted con-
ditions that identify complicated infections:

e Involvement of deep tissues, including subcuta-
neous fat
Need for significant surgical intervention
Involvement of the perianal area
Infection of the foot in a diabetic patient
Presence of significant coexisting diseases,
including diabetes mellitus, an immunocompro-
mised state, and obesity.
These criteria generally include patients with surgical
site infection, necrotizing soft-tissue infection, and
signs of systemic toxicity.

Identifying the cause of infection or the type of
injury that has led to a complicated skin or soft-tissue
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infection can help in discerning the likely causative
organisms and guiding treatment decisions. Although
these infections can be quite varied, they share a
common host response that includes signs of local
inflammation (erythema, edema, warmth, and ten-
derness) and, for more advanced infections, signs of
systemic toxicity (fatigue, malaise, fever, tachycardia,
and hypotension).

Uncomplicated skin infections

Uncomplicated skin infections include impetigo,
erysipelas, folliculitis, furunculosis, and, in some
cases, superficial cellulitis.””

Impetigo is an infection of the epidermis that can
cause blisters or bullae. Erysipelas involves the dermal
layer of the skin and generally presents as a painful
erythematous, slightly raised lesion. Folliculitis is a
superficial infection of the hair follicle, whereas furun-
cles are deeper infections of a single hair follicle that
frequently will drain spontaneously with local care.

More complicated skin infections
More complicated skin infections include cellulitis,
lymphangitis, and carbuncles.’

Cellulitis is a catch-all description that can include
uncomplicated infections involving only the epider-
mis and dermis, as well as more complicated infections
extending to the subcutaneous tissues. Patients with
deeper infections, such as necrotizing fasciitis, septic
arthritis, and osteomyelitis, often will have overlying
cellulitis. Cellulitis also can occur as a response to a
variety of deep inflammatory diseases that are not
infectious. Therefore, patients who present with cel-
lulitis require immediate and thorough attention in
order to determine the cause, which is crucial to deter-
mining whether hospitalization, intravenous antimi-
crobial therapy, or surgical intervention is required.

Lymphangitis is an infection of the subcutaneous
lymphatic channels and presents with erythematous
streaks that are usually tender and accompanied by
lymphadenopathy.

Carbuncles, like furuncles, can occur anywhere on
the hairy skin. They usually extend to involve several
adjacent hair follicles, which results in a coalescent
inflammatory mass with multiple areas of drainage.
Carbuncles tend to develop on the back of the neck
and are especially likely to occur in patients with dia-
betes mellitus. They are generally treated with anti-
microbials and incision and drainage.

Soft-tissue infections
Perianal abscesses. Isolated perianal abscesses gener-
ally are caused by cryptoglandular disease and often
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can be treated by simple incision and drainage.’
Antibiotics are not necessary unless the patient has
extensive surrounding cellulitis or significant coexist-
ing diseases such as diabetes, HIV infection, or an oth-
erwise immunocompromised state. More extensive
perianal abscesses that involve deeper tissues, that
have extensive surrounding cellulitis, or that occur in
diabetics or otherwise immunocompromised patients
require immediate surgical consultation, surgical
drainage, and antimicrobial therapy.

Diabetic foot infections generally result from trau-
ma to an insensate foot or from secondary infection of
foot ulcers.*” These infections can be superficial, but
many involve the deeper tissues. The astute diabetic
patient is generally mindful of changes consistent
with superficial infection. Deeper infections may go
unnoticed, however, because of a lack of sensation in
the involved extremity. Any diabetic patient present-
ing with a lower extremity infection needs careful
evaluation to rule out involvement of the deeper tis-
sues. The deep spaces of the feet can be involved but
show only subtle external signs of infection.

Underlying osteomyelitis is common in patients
with diabetic foot infections and must be ruled out
with careful clinical examination and radiologic stud-
ies.*” A positive “probe to bone” test is a simple and
highly specific correlate of osteomyelitis underlying a
diabetic foot ulcer.”® It involves lightly palpating for
the presence or absence of underlying bone using a
sterile instrument. When the probe detects a “rock-
hard” or “gritty” structure, the presence of bone—and,
by definition, osteomyelitis—is confirmed.'®

Necrotizing soft-tissue infections are uncommon
but serious and life-threatening.'"'* Early diagnosis and
rapid surgical intervention has been shown to reduce
mortality. Any suspicion of a necrotizing infection
should prompt immediate initiation of broad-spectrum
antibiotic therapy and surgical consultation.

Early manifestations of necrotizing soft-tissue infec-
tions include tachycardia, low-grade fever, pain that is
disproportionate to physical findings, and leukocyto-
sis. The classic presentation of skin blisters, ecchymo-
sis, bullae, or crepitus (a crackling sensation under the
skin) is very specific for a necrotizing process but is
present in only 10% to 40% of patients."”” Rapid pro-
gression of these skin changes is an important and
ominous sign. The presence of gas in soft tissue on
computed tomography (CT) or of fascial necrosis on
magnetic resonance imaging (MRI) can be diagnostic
of a necrotizing soft-tissue infection in patients pre-
senting with more subtle physical findings.

Broad-spectrum antimicrobial therapy and prompt
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surgical debridement are the mainstays of treatment
for patients with necrotizing soft-tissue infections.
Patients showing signs of physiologic decline should
be resuscitated and managed in an intensive care
environment. Amputation may be necessary in up to
one third of patients with necrotizing soft-tissue
infections involving the extremities. Careful wound
observation and repeated surgical debridement is nec-
essary and has been shown to reduce mortality.”

B MICROBIOLOGY

The most common skin and soft-tissue infections
encountered by primary care physicians are listed in
Table 1 along with their associated causative organisms.
Skin infections. Erysipelas generally is caused by
streptococcal species, usually Streptococcus pyogenes.
Cellulitis can be caused by numerous indigenous skin
organisms, which vary depending on location. Cellulitis
associated with furuncles, carbuncles, or abscesses is usu-
ally caused by Staphylococcus aureus. More diffuse cel-
lulitis can be caused by either streptococci or S aureus.
Any drainage should be cultured to identify the
causative organism. Although aspiration of skin has
been recommended in patients with cellulitis, it is
unlikely to reveal an organism and is rarely performed in
practice. Blood cultures also are frequently recom-
mended but are positive in less than 5% of cases.”'*
Perianal infections often are polymicrobial and
usually are caused by a mix of gram-positive and
gram-negative organisms, including both aerobic and
anaerobic species. These infections require broader-
spectrum therapy compared with cellulitis.>"’
Diabetic foot infections generally have involve-
ment by S aureus, but studies in patients with these
infections frequently identify a variety of other organ-
isms, particularly gram-negative species. Interestingly,
despite these findings, randomized controlled trials
have demonstrated that treatment aimed at gram-
positive species is associated with the same clinical
response as broader-spectrum therapy. This suggests
that many, if not all, of the gram-negative organisms
identified are colonizers rather than pathogens.
Surgical site infections are caused by a variety of
organisms; the type and site of operation often dictate
which organisms are suspected. Infections in patients
who have had clean operations frequently are caused
by gram-positive organisms; in contrast, infections
from operations on the gastrointestinal or genitouri-
nary tract may be caused by gram-positive and gram-
negative organisms as either monomicrobial or mixed
infections.'® The organisms most frequently implicated
in surgical site infections are gram-positive and include
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TABLE 1
Microbiology of common skin and soft-tissue infections

Type of infection Common organisms

Folliculitis Staphylococcus aureus
Furuncles and carbuncles S aureus

Impetigo and erysipelas Beta-hemolytic streptococci,

S aureus
Lymphangitis Group A streptococci, S aureus
Cellulitis Beta-hemolytic streptococci,

S aureus, Haemophilus influenzae,

Staphylococcus epidermidis
Human bites S aureus, S epidermidis, streptococci

(alpha- and beta-hemolytic),
Corynebacterium spp, Eikenella
corrodens, Bacteroides fragilis

Domestic pet bites Pasteurella multocida

Abscess from intravenous S aureus

drug use

Diabetic foot infections S aureus, S epidermidis,

gram-negative bacilli

S aureus, coagulase-negative staphylococci, and entero-
cocci. Other organisms involved include Escherichia coli
and a variety of gram-negative enteric bacteria.

Although they are uncommon causes of surgical
site infection, S pyogenes and Clostridium perfringens
can lead to infection within 48 hours of operation.'”'®
Patients with infections due to these organisms usually
will have minimal signs of infection at the surgical
site but will report disproportionate pain and tender-
ness at the surgical site and show signs of systemic
toxicity. Treatment involves opening the incision and
performing cultures. High-dose penicillin therapy
should be instituted immediately. The drainage is usu-
ally watery and has been described as “dishwater pus.”
If not attended to promptly, these infections progress
rapidly and frequently result in death. The associated
skin findings of necrotizing soft-tissue infections, such
as bullae and necrosis, develop extremely late in these
infections.

Necrotizing soft-tissue infections involve a variety
of aerobic, facultative, and anaerobic organisms. Ini-
tial treatment with broad-spectrum antibiotics and
cultures of the involved tissue are necessary because of
the difficulty of predicting which organisms may be
involved in a specific infection. S pyogenes is isolated
as the single causative organism in more than half of
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TABLE 2
Conditions that predispose to weakened host defenses

Diabetes mellitus Organ transplantation
HIV infection

Advanced age

Chronic renal failure
Chronic steroid use

Chronic immunosuppressive therapy ~ Malnourishment

these cases.!’ It has been estimated that 15% of
patients with necrotizing soft-tissue infections will not
have an identified source of infection.

l DIAGNOSIS

Signs, symptoms, and history-taking

The classic signs and symptoms of inflammation
(erythema, edema, pain, tenderness, warmth) confirm
the presence of an infection. Spreading erythema is
particularly concerning. The history should elicit the
following: any recent injury to the infected area, intra-
venous drug use, any history of bites, travel history,
and exposure to freshwater or saltwater. In addition,
the medical history must specifically ascertain the
presence of conditions or factors that might predispose
to weakened immunity, such as certain diseases and
the use of certain medications, particularly steroids
and other immunosuppressive drugs (Table 2).

Physical exam: Look beyond the infection site

A thorough physical examination is essential. While
it is tempting to focus on the area of infection, a care-
ful broader examination may reveal the underlying
cause of infection. The presence of cellulitis in the
lower abdominal quadrants, the groin, or even the
hips may be a sign of a more remote infection, such as
an incarcerated hernia or colonic diverticulitis. The
examination should describe the area involved, the
presence of fluctuance or crepitus, associated findings
in the skin (eg, purpura, necrosis), and whether or not
there is tenderness. The presence of pain and tender-
ness disproportionate to the associated physical find-
ings often signals an underlying necrotizing soft-tissue
infection that requires immediate attention. Crepitus
is highly suggestive of a necrotizing infection.
Fluctuance (a wavelike motion of a cavity containing
fluid) suggests localized purulent collection that
requires drainage. The borders of the infection should
be outlined with an ink pen, as such a marking can be
used to monitor the spread of cellulitis or the response
to treatment.
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Laboratory studies
Patients with complicated infection should undergo
laboratory studies.”” These include a complete blood
cell count with differential as well as creatinine,
bicarbonate, creatine phosphokinase, and C-reactive
protein levels. The white blood cell count and C-
reactive protein level can be determined sequentially
to follow the response to therapy. Additional labora-
tory studies should be performed as indicated.
Patients with systemic signs of infection should have
two sets of blood cultures obtained, although these are
positive only infrequently. Any purulent drainage
should be sent for immediate Gram stain and definitive
culture and sensitivity testing. Serum glucose should be
determined and normalized in diabetics and other
patients in whom hyperglycemia is suspected.
Laboratory studies have a poor predictive value for
the diagnosis of necrotizing soft-tissue infections.
Wong et al recently proposed an index composed of
laboratory values to help discriminate between necro-
tizing and nonnecrotizing soft-tissue infections in
patients with more subtle physical findings."” Using
six serum parameters (white blood cell count and lev-
els of C-reactive protein, hemoglobin, serum sodium,
creatinine, and glucose), they developed a weighted
score to determine the risk of having necrotizing
fasciitis. Their score demonstrated a positive predic-
tive value of 92%." Others have demonstrated the
importance of hyponatremia in identifying patients
with complicated soft-tissue infections who may be at
risk for a necrotizing infection.”

Diagnostic imaging: Selective use can be helpful
Diagnostic imaging can be revealing but should be
used selectively. Plain radiographs are indicated in
patients with diabetic foot infections to ascertain the
presence of osteomyelitis.”" Plain radiographs also are
useful to determine the presence of air in the soft tis-
sues, which suggests the need for urgent surgical
debridement. While CT is helpful to identify gas and
fluid collections, MRI is more specific for identifying
the subtle changes associated with necrotizing soft-
tissue infections.”” MRI also is superior to CT in
detecting involvement of the muscular fascia. These
studies are unnecessary in patients with more superfi-
cial infections and in those for whom an operation
has already been deemed necessary.

Il ANTIMICROBIAL TREATMENT

A general algorithm for the management of soft-tissue
infections is presented in Figure 1. A variety of
antimicrobial agents may be appropriate to treat skin
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FIGURE 1. Algorithm for the management of soft-tissue infections.

and soft-tissue infections. The choice depends on the
type of infection and the suspected pathogens. Table 3
presents recommendations endorsed by the Infectious
Diseases Society of America as of 2005.”

Penicillin is the treatment of choice for erysipelas.
For cellulitis, a semisynthetic penicillin or first-gener-
ation cephalosporin should be used unless methicillin-
resistant S aureus (MRSA) is suspected. The majority
of cellulitis infections are caused by S aureus, but the
incidence of methicillin resistance is increasing, even
in community-acquired infections. In some areas of
the United States, methicillin-resistant strains out-
number methicillin-sensitive strains by a 2:1 ratio.’

Differing approaches for community-acquired

and hospital-acquired MRSA

Community-acquired MRSA can be treated with van-
comycin, clindamycin, or trimethoprim-sulfamethox-
azole.” ™ Additional agents effective against commu-
nity-acquired MRSA include tetracycline, linezolid
(Zyvox), and gentamicin (Table 4). Unfortunately,
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TABLE 3
Recommended antimicrobial therapy for skin and
soft-tissue Staphylococcus aureus infections in adults

Infections due to methicillin-sensitive S aureus
Intravenous antibiotics

Nafcillin (various)
or oxacillin (various)

1-2 g every 4 hr
Cefazolin (various) 1 gevery 8 hr

Clindamycin (various) 600 mg every 8 hr

Oral antibiotics
Dicloxacillin (various) 500 mg 4 times daily
Cephalexin (various) 500 mg 4 times daily

Doxycycline (various) 100 mg twice daily

or minocycline (various)

1 or 2 double-strength
tablets twice daily

300-450 mg 3 times daily

Trimethoprim-sulfamethoxazole
(various)

Clindamycin
Infections due to methicillin-resistant S aureus
Intravenous antibiotics
Vancomycin (various)
Linezolid (Zyvox)
Clindamycin
Daptomycin (Cubicin)

30 mg/kg/d in 2 divided doses
600 mg every 12 hr

600 mg every 8 hr

4 mglkg every 24 hr

Oral antibiotics
Linezolid 600 mg twice per day
300-450 mg 3 times daily

100 mg twice daily

Clindamycin
Doxycycline or minocycline

Trimethoprim-sulfamethoxazole 1 or 2 double-strength
tablets twice daily

Adapted, with permission, from Stevens et al, Clinical Infectious Diseases (2005;
41:1373-1406),% published by University of Chicago Press. ©2005 by the
Infectious Diseases Society of America. All rights reserved.

the use of gentamicin as a single agent can be associ-
ated with development of antimicrobial resistance, so
gentamicin should be used only in combination.”?
Tigecycline (Tygacil), a new semisynthetic glycylcy-
cline, may also represent a therapeutic option for
patients hospitalized with complicated skin and skin-
structure infections caused by community-acquired
MRSA %

In contrast, patients with hospital-acquired
MRSA have a different antimicrobial sensitivity pro-
file. These organisms remain sensitive to van-
comycin, trimethoprim-sulfamethoxazole, tetracy-
cline, and linezolid. Tigecycline also has been shown
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TABLE 4
Pros and cons of drugs active against MRSA

Drug Pros Cons

Trimethoprim- High efficacy,
sulfamethoxazole oral form,

(various) inexpensive

Tetracycline High efficacy, Contraindicated

(various) oral form, in pregancy

inexpensive

Clindamycin Oral form, Effective vs community-

(various) inexpensive acquired strains only,
Clostridium difficile—
associated colitis

Vancomycin High efficacy IV only, ototoxicity,

(various) nephrotoxicity,
expensive

Linezolid High efficacy, Myelosuppression

(Zyvox) oral form (reversible), expensive

Daptomycin High efficacy, IV only

(Cubicin) bactericidal

Gentamicin Moderate efficacy

(various) vs hospital-acquired
strains, IV only,
nephrotoxicity,
ototoxicity

Tigecycline Active vs both IV only, expensive,

(Tygacil) gram-positive and  contraindicated in

gram-negative
bacteria

pregnant women
and children

MRSA = methicillin-resistant Staphylococcus aureus; IV = intravenous

to be effective against complicated skin and skin-
structure infections caused by MRSA,* and the safety
and efficacy of tigecycline monotherapy in these
infections was recently established in two phase 3
studies.” Gentamicin resistance is more common,
and most strains are not sensitive to clindamycin.””
Most of the skin and soft-tissue infections that
involve hospital-acquired MRSA do not involve
other organisms.

Linezolid has been shown effective against skin and
soft-tissue infections caused by MRSA. This should
not be the first line of therapy, however, and should be
considered only when there is culture-documented evi-
dence of resistance or when there is nonresponse in a
patient considered to be at high risk, such as with com-
promised immune function or prolonged exposure to
an institutional environment. Daptomycin (Cubicin)
has similar documented efficacy, and is bactericidal.™®”!
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TABLE 5
Recommended antimicrobial therapy for necrotizing
infections in adults*

Mixed infection

Ampicillin-sulbactam (various) 1.5-3.0 g every 6-8 hr

or
piperacillin-tazobactam (Zosyn) ~ 3.375 g every 6-8 hr
plus

clindamycin (various) 600-900 mg every 8 hr
plus

ciprofloxacin (various) 400 mg every 12 hr

Imipenem/cilastatin (Primaxin) 1 g every 6-8 hr

Meropenem (Merrem) 1gevery 8 hr
Ertapenem (Invanz) 1 g every day
Cefotaxime (various) 2 gevery 6 hr

plus

metronidazole (various) 500 mg every 6 hr

or

clindamycin 600-900 mg every 8 hr

Streptococcal infection
Penicillin (various)

plus

clindamycin

2—4 million U every 4-6 hr
600-900 mg every 8 hr

Staphylococcus aureus infection
Nafcillin (various)
Oxacillin (various)
Cefazolin (various) 1 g every 8 hr

Vancomycin (various) 30 mg/kg/d in 2 divided
(for resistant strains) doses

Clindamycin 600-900 mg every 8 hr

1-2 g every 4 hr
1-2 g every 4 hr

Clostridial infection
Clindamycin
Penicillin

600-900 mg every 8 hr
2—4 million U every 4-6 hr

*All listed agents are given intravenously for these infections.

Adapted, with permission, from Stevens et al, Clinical Infectious Diseases (2005;
41:1373-1406),” published by University of Chicago Press. ©2005 by the Infectious
Diseases Society of America. Al rights reserved.

Recommendations for specific soft-tissue infections
Perianal infections should be treated with broad-
spectrum therapy if there is significant associated cel-
lulitis. Few randomized clinical trials have assessed
the treatment of these infections. The duration of
therapy varies depending on the severity of infection.
Patients with localized infections can be treated with
incision and drainage alone. Patients with deep infec-
tions, diabetes, risk factors for compromised immune
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function, or inflammatory bowel disease should be
treated with a short course of therapy.

Diabetic foot infections respond well to agents
that are effective against S aureus. The use of addi-
tional antimicrobials effective against the multitude
of microorganisms that are often cultured in these
patients is not associated with better outcomes than is
antistaphylococcal therapy alone.*’

Surgical site infections. Most patients who develop
surgical site infections respond to removal of sutures
and opening of the incision. Antimicrobial treatment
is required if systemic signs of toxicity are present, if the
associated erythema extends more than a few centime-
ters from the incision edge, if there is tissue necrosis, if
the infection involves the muscular fascia, or if the
patient has compromised immune function. The
choice of antimicrobial therapy is predicated on the
expected organisms, which are determined on the basis
of the principles discussed above.

Necrotizing soft-tissue infections. Recommenda-
tions for the treatment of these infections are pre-
sented in Table 5. Some necrotizing soft-tissue infec-
tions can be associated with streptococcal toxic shock
syndrome. This syndrome is caused by group A strep-
tococci and should be treated with both clindamycin
and penicillin. Clindamycin has been shown to sup-
press toxin production and reduce cytokine production.

General treatment considerations
Many patients with complicated skin and soft-tissue
infections may require surgical intervention to achieve
an appropriate response. In these circumstances,
antimicrobial therapy alone will not be successful.”
Once appropriately treated, these patients should show
rapid regression of infection. Patients who do not
respond to initial therapy must be considered to have
an undiagnosed deep infection or infection with an
antimicrobial-resistant organism. In these circum-
stances, selection of a different agent or initiation of
broader antimicrobial coverage should be considered.
Gram stain results should be checked, as they may
identify unsuspected organisms. Culture and sensitivity
test results also should be checked. Identification of a
resistant organism should prompt a change in antibi-
otics. If possible, the antimicrobial spectrum should be
narrowed based on the culture and sensitivity results.

B SUMMARY

Skin and soft-tissue infections are common, and most
are uncomplicated. The true challenge of managing
these infections is to avoid delays in diagnosis and
thereby prevent uncomplicated infections from pro-
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gressing. The physician who encounters a skin or soft-
tissue infection must respond quickly with an appro-
priate therapeutic plan. This can include hospitaliza-
tion, prompt initiation of antimicrobial therapy, and
surgical consultation. In many patients, successful
treatment will require surgical intervention. The
recent proliferation of community-acquired MRSA
has affected the choice of antimicrobial therapy.
Physicians need to be aware of these changing trends
in microbial resistance to optimize care for patients
with complicated skin and soft-tissue infections.
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B ABSTRACT

Complicated intra-abdominal infections remain a
major challenge for surgeons and internists because
of their association with high morbidity and mortality.
For optimal outcome, these infections require a com-
bination of appropriate and timely surgical source
control and adjunctive broad-spectrum antimicrobial
therapy. This review discusses criteria for choosing
empiric antimicrobial therapy, outlines available
treatment options, and highlights new antimicrobial
therapies for these infections.

M KEY POINTS

Source control for complicated intra-abdominal
infections remains the most important component of
successful treatment. Proper selection of empiric
antibiotic therapy is adjunctive but important in the
overall treatment approach.

Selection of empiric antimicrobial therapy for
complicated intra-abdominal infections depends on the
severity of illness and how the infection was acquired.

The diverse bacteriology of complicated intra-
abdominal infections and the emergence of bacterial
resistance make the antimicrobial treatment of these
infections an important clinical challenge.

Emerging resistance of many gram-negative enteric
pathogens and Bacteroides fragilis continues to
stimulate the search for effective new antimicrobials.
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ecause of their association with high rates of

morbidity and mortality, intra-abdominal

infections remain one of the major challenges

facing surgeons and internists. Although
approximately 80% of intra-abdominal infections are
acquired outside of the health care setting,' the threat
of infection with health care—associated pathogens is
concerning, given the rapid colonization of hospital-
ized patients with resistant bacteria.

Source control (surgical measures to eradicate a
focus of infection, prevent ongoing microbial con-
tamination, and restore functional anatomy) is fun-
damental to the management of patients with com-
plicated intra-abdominal infections. Empiric antimi-
crobial therapy, although adjunctive, is nevertheless
important in the overall management plan, and the
search for the optimal antimicrobial regimen contin-
ues. After beginning with an overview of intra-
abdominal infections, this review focuses on criteria
for choosing empiric antimicrobial therapy for com-
plicated infections and on the available and emerging
therapeutic options for these infections.

B CAUSES AND CLASSIFICATION
OF INTRA-ABDOMINAL INFECTIONS

More than a century ago, aerobic and anaerobic bac-
teria were each implicated as probable causes for the
development of intra-abdominal infections. With the
availability of advanced anaerobic culture techniques,
it became firmly established by the mid-1970s that
serious intra-abdominal infections involved synergis-
tic mixtures of bacteria.’

Intra-abdominal infections generally occur because
a normal anatomic barrier is disrupted. The most
common disruptions occur in hollow viscera, allow-
ing intraluminal bacteria to invade and proliferate in
typically sterile regions such as the peritoneal cavity
or the retroperitoneum.

Peritonitis: Wide variations in presentation
Although the term peritonitis is often used synony-
mously for intra-abdominal infections, the degree of
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Peritonitis at a glance

Primary bacterial peritonitis refers to spontaneous
bacterial peritonitis that arises without a breach in the
peritoneal cavity. It is most commonly seen in infancy
and early childhood and in patients with cirrhosis or
compromised immune function.

Secondary bacterial peritonitis occurs secondary to
spillage of gut organisms through a hole in the gastro-
intestinal tract. It may be community-acquired or health
care—associated.

Tertiary peritonitis is characterized by persistent or
recurrent infection that typically occurs at least 48 hours
after apparently adequate management of primary or
secondary peritonitis. It is most often seen in patients
with significant comorbidities and in those with compro-
mised immune function.

peritoneal involvement can vary greatly. Clinical
presentation of intra-abdominal infections varies
from localized appendicitis to diffuse inflammation
of the abdominal cavity, characterized as general-
ized peritonitis. Intra-abdominal infections also can
be described as primary, secondary, or tertiary peri-
tonitis (see “Peritonitis at a glance” sidebar).
Whereas primary infections usually do not involve
a hollow viscus, secondary infections are associated
with hollow viscus perforations. Tertiary infections
are associated with immunocompromised patients
and usually involve treatment failures.”* Tertiary
peritonitis is defined as the persistence or recur-
rence of intra-abdominal infection despite what
appears to be have been adequate source control
and appropriate antimicrobial therapy. It also may
be associated with bacteria that are usually consid-
ered to have low virulence, such as enterococci and
Staphylococcus epidermidis.’

Uncomplicated vs complicated infections
Intra-abdominal infections also can be categorized as
uncomplicated versus complicated, although the dis-
tinction is not always clear. Complicated intra-
abdominal infections are often defined as extending
beyond the hollow viscus of origin into the peritoneal
space with associated abscess formation or peritoni-
tis.! These infections are potentially serious medical
conditions that require an invasive procedure for
source control.'
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B DESPITE PROGRESS, STILL A MAJOR BURDEN

The overall incidence of intra-abdominal infections
is difficult to establish and varies with the underlying
abdominal disease processes. The clinical significance
of complicated intra-abdominal infections is often
measured by the substantial burden they place on
health care resources in terms of the need for emer-
gency room services, hospital admission, imaging and
laboratory diagnostics, and surgery (both initial and
repeat interventions).® In addition, ineffective initial
empiric antimicrobial therapy can significantly
increase the cost of treating intra-abdominal infec-
tions, underscoring the need for prompt and appro-
priate interventions.’

Tremendous progress has been made over the past
century in the management of intra-abdominal infec-
tions, as mortality rates have dropped from approxi-
mately 90% in 1900 to 23% in 2002.” However, mor-
tality rates still can vary widely depending on the
source of the infection, ranging from 0.25% for the
appendix® to much higher rates for the stomach/duo-
denum (21%), pancreas (33%), small bowel (38%),
large bowel (45%), and biliary tract (50%).’

Although outcomes have improved, complicated
intra-abdominal infections still are associated with a
high rate of mortality related to organ dysfunction in
critically ill surgical patients. As a result, these infec-
tions require a combination of appropriate and timely
surgical source control and broad-spectrum antimicro-
bial therapy for optimal outcomes. The ultimate treat-
ment goals are to avoid invasive sepsis/bacteremia,
local destructive effects of infection, and death.

B RISK STRATIFICATION

Many factors can contribute to the severity of an intra-
abdominal infection and to a patient’s risk for a poor
outcome. These include patient age, underlying comor-
bidities (eg, diabetes, cardiovascular disease, cancer),
the extent of infection, where the infection was
acquired (community vs health care setting), the pres-
ence of compromised organ function or sepsis, nutri-
tional status, and the success of initial source control
procedures."'

Dividing patients with intra-abdominal infections
into lower and higher risk categories is not always
straightforward, but attempting to assess a patient’s
risk of treatment failure and/or death is essential to
optimizing a treatment plan. Proper risk stratification
also is important when comparing treatment regimens
and when introducing new antimicrobial agents.

Several types of patients with complicated intra-
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TABLE 1
Independent risk factors for death or treatment
failure in patients with intra-abdominal infections™

Higher APACHE Il score
Advanced age
Hypoalbuminemia
Hypocholesterolemia
Malnutrition

Preoperative organ
impairment

Liver disease
Malignancy

Renal disease
Corticosteroid therapy
Unsuccessful operation

APACHE Il = Acute Physiology and Chronic Health Evaluation II

abdominal infections have been identified as being at
higher risk for a poor outcome, including those with
higher scores on the Acute Physiology and Chronic
Health Evaluation (APACHE II) classification, poor
nutritional status, hypoalbuminemia, significant cardio-
vascular disease, and unsuccessful surgical attempts to
control the local infection.""® Notably, many of these
risk factors are not specifically related to intra-abdomi-
nal infection but more to the patient’s physiologic sta-
tus or underlying medical condition (Table 1)."

Patients who acquire infection within the hospital
also have a poorer prognosis. Several studies have
demonstrated that the presence of resistant microor-
ganisms is associated with higher rates of treatment
failure.'™ Accordingly, the selection of empiric
antimicrobial therapy is likely to influence, at least in
part, clinical outcome. Stratifying patients according
to the probability that they harbor health care—asso-
ciated resistant pathogens is another approach that
can be useful in selecting antimicrobial therapy.

B BACTERIOLOGY

The bacteria that cause intra-abdominal infections
are derived from the endogenous flora of the gas-
trointestinal tract. An appreciation of the normal
microflora within the gastrointestinal tract is key to
understanding the spectrum of intra-abdominal infec-
tions that may ensue. Figure 1 lists bacteria com-
monly found in various segments of the gastrointesti-
nal tract.”

Polymicrobial isolates are the hallmark
Polymicrobial isolates remain the hallmark of intra-
abdominal infections.

The most commonly isolated aerobe is Escherichia
coli, and the most commonly isolated anaerobe is Bac-
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Biliary tract
Normally sterile,
but Escherichia coli,
Klebsiella spp,
enterococci found
in some patients

Stomach
Streptococci,
Lactobacillus spp

Proximal small bowel
E coli, Klebsiella spp,

Lactobacillus spp,

streptococci,

diphtheroids, Colon

enterococci Bacteroides spp,
Clostridium spp, E coli,

\_ Enterobacter spp,

Klebsiella spp,
peptostreptococci,

Distal ileum enterococci, many

Bacteroides fragilis, others

Clostridium spp,

E coli, Enterobacter spp,

Klebsiella spp, »

peptostreptococci,
enterococci

FIGURE 1. Usual microflora of the gastrointestinal tract.

teroides fragilis."*"° Other Bacteroides isolates include
Bacteroides distasonis, Bacteroides ovatus, Bacteroides
thetaiotaomicron, and Bacteroides vulgatus.

The role of enterococci in intra-abdominal infec-
tions remains controversial, but treatment failure
attributable to these organisms appears to be common
in high-risk patients.” > When enterococci are iso-
lated, Enterococcus faecalis and Enterococcus faecium
account for 90% and 10% of episodes, respectively.”*

Pseudomonas aeruginosa and other enteric gram-
negative bacteria (eg, Acinetobacter species) are other
potential pathogens of concern because they are
increasingly resistant to many antimicrobials.
Infection with P aeruginosa is typically observed in
high-risk patients such as those with late-onset noso-
comial infection and those who have received previ-
ous antimicrobial therapy, undergone recurrent sur-
geries, or both. In constrast, patients with early-onset
health care—associated or community-acquired infec-
tions have a low prevalence of P aeruginosa."

Staphylococcus aureus is also a potential pathogen
with inherent antibiotic resistance issues.”

Type/site of infection and acquisition mode

indicate likely pathogens

The likely etiology of intra-abdominal infections can
be predicted based on the type of peritonitis, the site
of infection, and the mode of acquisition."*'® In gen-
eral, primary (spontaneous) bacterial peritonitis is typ-
ically monomicrobial (eg, streptococci, E coli, staphy-
lococci), whereas secondary and tertiary peritonitis are
polymicrobial mixtures of aerobic and anaerobic bac-
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TABLE 2
Pathogens associated with peritonitis
Type/site Common Common
of infection aerobes anaerobes
Primary bacterial peritonitis
Children Streptococcus —
(spontaneous) pneumoniae,
group A streptococci
Cirrhosis Escherichia coli, —
Klebsiella spp,
S pneumoniae
Peritoneal Staphylococci, —
dialysis streptococci

Secondary bacterial peritonitis

Gastroduodenal  Streptococci, E coli —
Biliary tract E coli, Klebsiella spp, ~ Clostridium spp or
enterococci Bacteroides spp
(both infrequent)
Small or E coli, Klebsiella spp, B fragilis and other
large bowel Proteus spp Bacteroides spp,
Clostridium spp
Appendicitis E coli, Bacteroides spp
Pseudomonas spp
Abscesses E coli, Klebsiella spp, B fragilis and other
enterococci Bacteroides spp,
Clostridium spp,
anaerobic cocci
Liver E coli, Klebsiella spp, ~ Bacteroides spp
enterococci, (rare)
staphylococci
Spleen Staphylococci, —
streptococci

Tertiary bacterial peritonitis

All of the above,
but more likely to

All of the above

involve resistant Pseudo-

monas aeruginosa,
Enterobacter spp,
enterococci, MRSA,
coagulase-negative
staphylococci, and
Candida spp

MRSA = methicillin-resistant Staphylococcus aureus

teria (and occasionally fungi in cases of tertiary peri-
tonitis). In community-acquired secondary peritonitis,
gram-positive and gram-negative facultative and aero-
bic organisms often are implicated in infections
derived from the stomach, duodenum, biliary system,
and proximal small bowel.
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When bacteria are present with cholecystitis, the
most commonly isolated organisms are E coli, Klebsiella
species, and enterococci. Infections arising from perfo-
rations in the distal small bowel are typically caused by
gram-negative aerobic and facultative bacteria as well
as by anaerobes. For infections beyond the proximal
small bowel, a variety of anaerobes must also be con-
sidered. A wide range of bacteria also may cause
colon-derived intra-abdominal infections, but faculta-
tive and obligate anaerobic organisms outnumber aer-
obic bacteria (eg, streptococci, enterococci, gram-
negative coliforms) by a ratio of 10,000:1.%

In health care-associated intra-abdominal infec-
tions, which typically encompass tertiary peritonitis,
nosocomial isolates particular to the site of previous
surgery and to the specific hospital and unit may
determine which organisms are responsible." Most
patients with tertiary peritonitis require treatment
with multiple antimicrobials, and fungal infection,
especially with Candida species, must always be con-
sidered. The organisms most commonly associated
with primary, secondary, and tertiary peritonitis are
outlined in Table 2.

B GENERAL TREATMENT APPROACH

Fluid resuscitation, source control (ie, surgical
debridement, drainage, and repair), and appropriate
systemic antibacterial therapy are paramount to the
successful treatment of complicated intra-abdominal
infections."*'® While antimicrobial agents should not
be discounted in any treatment regimen for a patient
with peritonitis, source control must be considered
paramount. Without source control, antibiotics will
not successfully treat a patient with secondary or ter-
tiary peritonitis.

Once the diagnosis of complicated intra-abdomi-
nal infection is suspected (ie, due to presence of a sys-
temic and local inflammatory response), it is appro-
priate to plan which methods will be needed for
source control and to begin antimicrobial therapy
immediately. Therapy need not be delayed until an
exact diagnosis is established or the results of appro-
priate cultures are available." Withholding antimicro-
bials or using inadequate empiric antimicrobial ther-
apy can result in increased failure rates and increased
mortality.”!

M ISSUES IN ANTIMICROBIAL SELECTION AND USE

Avoid inappropriate use

Routine use of full-course antimicrobial therapy is not
appropriate for all patients with intra-abdominal
infections. Patients with bowel injuries due to pene-
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trating, blunt, or iatrogenic trauma that are repaired
within 12 hours should receive only short-course
(perioperative) antimicrobial therapy, as should
patients with intraoperative contamination of the
operative field by enteric contents under other cir-
cumstances.' Likewise, patients with acute perfora-
tions of the stomach, duodenum, or proximal jejunum
in the absence of antacid therapy or malignancy
require only perioperative antimicrobial therapy, as
do patients with acute appendicitis without evidence
of gangrene, perforation, abscess, or peritonitis.'
Appropriate perioperative antimicrobial therapy in
these cases is no more than 24 hours in duration.

Factors that influence antimicrobial selection
Antimicrobial therapy poses an important clinical
challenge because of the diverse bacteriology of com-
plicated intra-abdominal infections and the emergence
of bacterial resistance. In general, selection of an
empiric agent or combination regimen must be directed
at providing reliable activity against E coli, other gram-
negative facultative bacteria, and B fragilis."*'°
Consideration also must be given to whether the infec-
tion was community-acquired or health care-associated
(Table 3). The continuing emergence of antimicrobial
resistance among some gram-negative enteric
pathogens and B fragilis has become concerning.”™*
Many other factors influence the selection of an
antimicrobial agent, including its potential to induce
bacterial resistance, its risk of hypersensitivity, its
overall tolerability, its dosing frequency, and its cost.
Accordingly, the search continues for an effective
antimicrobial regimen that has activity against resist-
ant pathogens, a minimal risk of side effects, a con-
venient dosing schedule, and potential cost benefits.

Available antimicrobial options

Several intravenous antibiotics have been investigated,
as monotherapy or as part of a combination regimen,
for the management of patients with intra-abdominal
infections. The old standard of care involved double-
or triple-antimicrobial therapy (eg, aminoglycoside/
beta-lactam/clindamycin) to provide coverage against
an array of potential pathogens. In recent years,
monotherapy with imipenem/cilastatin (Primaxin)
has become the new gold standard because of its broad
spectrum of activity against anticipated pathogens and
its relative safety and ease of use. In addition to
imipenem/cilastatin,”*** contemporary agents with
documented efficacy include cefoxitin,’”® ampi-
cillin/sulbactam,” ticarcillin clavulanate (Timentin),”
and piperacillin/tazobactam (Zosyn).** More recently,
meropenem (Merrem),”*" ertapenem (Invanz),” and

CLEVELAND CLINIC JOURNAL OF MEDICINE

TABLE 3
Considerations in antimicrobial selection

For patients with community-acquired secondary peritonitis

Choose agents active against enteric gram-negative aerobic
and facultative bacilli and against beta-lactam—susceptible
gram-positive cocci

For distal small bowel and colon-derived infections and more
proximal gastrointestinal perforation with obstruction, choose
agents with activity against anaerobes

Avoid agents used to treat nosocomial infection in the intensive
care unit, except for high-risk patients

Inclusion of agents with enterococcal coverage provides no
benefit in outcomes for patients with community-acquired
infections

For high-risk patients (ie, with high APACHE Il score, poor
nutritional status, significant cardiovascular disease, immuno-
suppression, or inability to obtain adequate source control),
use agents with a wider spectrum of antibacterial activity

For patients with tertiary and health care-associated peritonitis
More resistant flora are routinely encountered in this setting
Organisms are similar to those in other nosocomial infections

Treatment is based on local nosocomial flora and their resist-
ance patterns

Agents that offer enterococcal coverage are appropriate for
health care—associated infections

Consider fungal infections based on the patient’s history of
prior antimicrobial use and underlying risk factors

APACHE Il = Acute Physiology and Chronic Health Evaluation II

tigecycline (Tygacil)* have been shown to be effective
as monotherapy.

The use of oral antibiotics (eg, ciprofloxacin, amox-
icillin/clavulanate) as step-down therapy for patients
with intra-abdominal infections is a relatively recent
advance that can be considered in most patients.

M ANTIMICROBIAL TREATMENT GUIDELINES

Antimicrobial agents and regimens currently recom-
mended by the Infectious Diseases Society of America,
the Surgical Infection Society, the American Society
for Microbiology, and the Society of Infectious Disease
Pharmacists are outlined in Table 4.""° The overall evi-
dence suggests that no regimen has been shown to be
superior to another.

Low-risk patients. The general consensus is that
for low-risk patients with community-acquired intra-
abdominal infections (most cases of secondary peri-
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TABLE 4

Recommended empiric antimicrobial regimens for treatment of intra-abdominal infections""

Type of infection Monotherapy regimens

Low-risk, community-acquired
secondary peritonitis
e Ertapenem (Invanz)
o Cefotetan (Cefotan)
o Cefoxitin (various)

High-risk or health care-associated
secondary peritonitis and
all tertiary peritonitis*

e Meropenem (Merrem)

e Ampicillin/sulbactam (various)
e Ticarcillin/clavulanate (Timentin)

e Imipenem/cilastatin (Primaxin)

e Piperacillin/tazobactam (Zosyn)

Combination regimens

e Cefazolin (various) or cefuroxime (various)
plus clindamycin (various) or metronidazole (various)

o Ciprofloxacin (various), levofloxacin (Levaquin), or
gatifloxacin (Tequin) plus clindamycin or metronidazole

* Aminoglycoside,’ aztreonam (Azactam), ciprofloxacin,
or third/fourth-generation cephalosporin®
plus clindamycin or metronidazole

*Regimen may need to be modified based on need to provide coverage for methicillin-resistant Staphylococcus aureus, coagulase-negative staphylococci, enterococci, and Candida species.

*Once-daily administration recommended.

tCel‘epime (Maxipime), cefotaxime (various), ceftazidime (various), ceftizoxime (Cefizox), ceftriaxone (various)

tonitis), narrow-spectrum agents such as antianaero-
bic cephalosporins or ampicillin/sulbactam are prefer-
able to more costly broad-spectrum agents as well as to
those with a greater risk of toxicity. Specific entero-
coccal coverage, although not routinely warranted for
these patients, is a benefit of penicillin derivatives.

High-risk patients. Patients who are at high risk
for failure (ie, with health care—associated secondary
peritonitis or any form of tertiary peritonitis) should
be treated with a broad-spectrum regimen with ade-
quate coverage against gram-negative aerobic/faculta-
tive anaerobic organisms. Addition of empiric cover-
age for enterococci and Candida species should be
considered on a patient-by-patient basis. Both
monotherapy (eg, imipenem/cilastatin, meropenem,
piperacillin/tazobactam) and combination therapy
(eg, an aminoglycoside, aztreonam, ciprofloxacin, or a
third-/fourth-generation cephalosporin  plus an
antianaerobe) are appropriate options.

Special considerations. Special consideration is
required for patients with tertiary peritonitis who are
likely to be infected with difficult-to-treat organisms,
such as coagulase-negative staphylococci, enterococci
(including vancomycin-resistant strains), multidrug-
resistant gram-negative bacilli, or yeasts. Empiric ther-
apy in these cases must consider the patient’s history of
previous antimicrobial therapy and local (ie, in the
hospital or unit) patterns of organisms and resistance.

B NEWER THERAPEUTIC OPTIONS
Tigecycline
Subsequent to the publication of the most recent guide-

lines for treatment of intra-abdominal infections,"™
tigecycline was approved by the US Food and Drug
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Administration (FDA) for use in patients with compli-
cated intra-abdominal infections. Tigecycline is a gly-
cylcycline antibiotic with expanded broad-spectrum
activity in vitro against bacteria commonly associated
with intra-abdominal infections. Its overall spectrum of
activity includes aerobic and facultative gram-positive
and gram-negative bacteria and anaerobic bacteria.”®>
While tigecycline exhibits greater activity against
many gram-negative bacteria compared with earlier-
generation tetracycline compounds, it lacks reliable
activity against P aeruginosa.”*” It has a distinct mech-
anism of action that is not affected by resistance mech-
anisms that are common in response to beta-lactam,
tetracycline, and aminoglycoside antibiotics.

Direct comparison with imipenem/cilastatin. Tige-
cycline’s efficacy was compared with that of imipen-
em/cilastatin in 1,642 patients with complicated intra-
abdominal infections in two double-blind, randomized
phase 3 trials whose results were reported in a pooled
analysis in 2005.* All patients had known or suspected
complicated intra-abdominal infection and underwent
appropriate source control. The most common infec-
tion diagnoses were complicated appendicitis (51%)
and complicated cholecystitis (14%).

Among microbiologically evaluable patients, clinical
cure rates were 86.1% (441/512) with tigecycline and
86.2% (442/513) with imipenem/cilastatin (95% CI for
the difference, —4.5% to 4.4%; P < .0001 for noninferi-
ority).” Tigecycline’s efficacy was noninferior to that of
imipenem/cilastatin across a variety of intra-abdominal
infection diagnoses (Figure 2). In both treatment
groups, clinical cure rates varied by the type of infection
and were lower, for instance, in patients with intra-
abdominal abscess and higher in patients with compli-
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Cure rates by clinical diagnosis in patients with complicated intra-abdominal infections

Peritonitis
Gastric and duodenal perforations
Complicated diverticulitis

Intra-abdominal abscess

Diagnosis

Perforation of the intestines
Complicated cholecystitis
Complicated appendicitis

Other

FIGURE 2. Clinical cure
rates at the test-of-cure
visit after treatment with
imipenem/cilastatin or tige-
cycline in 1,025 microbio-
logically evaluable adults
with complicated intra-
abdominal infections. Data
are from a pooled analysis

[ Imipenem/cilastatin
[ Tigecycline monotherapy
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50
Cure rate (%)

60 70 80 90 100 of two randomized phase 3

trials.®

cated appendicitis. Not unexpectedly, patients in both
treatment groups who had polymicrobial infections had
a lower rate of successful outcomes compared with those
who had monomicrobial infections.

Both tigecycline and imipenem/cilastatin were well
tolerated in these pooled studies, with a similar fre-
quency and distribution of treatment-emergent adverse
events.” Gastrointestinal events were the most fre-
quently reported adverse events in both treatment
groups. Overall, the three most commonly reported
adverse events were nausea (24.4% incidence with
tigecycline vs 19.0% with imipenem/cilastatin; P =
.010), vomiting (19.2% and 14.3%, respectively; P =
.008), and diarrhea (13.8% and 13.2%, respectively; P
= .719). Despite the statistically significantly higher
incidence of nausea and vomiting with tigecycline,
rates of premature discontinuation due to an adverse
event did not differ between the two groups.

This large pooled analysis demonstrated that tigecy-
cline was similarly efficacious and well tolerated when
compared with imipenem/cilastatin in patients with
complicated intra-abdominal infections.” No economic
analysis of these agents was performed, but for a patient
with normal renal function, the cost of a course of tige-
cycline monotherapy, based on average wholesale
price,” is similar to that of imipenem/cilastatin for the
duration of therapy used in these pooled studies (5 to
14 days). Actual drug acquisition costs and patient
variables, however, would influence a formal economic
evaluation.
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Role in therapy. Where does tigecycline fit into
clinical practice, given that many good options for
treating patients with complicated intra-abdominal
infections are currently available? There are a number
of situations in which tigecycline might be a reason-
able option, as outlined below.

® The logical patient of choice for tigecycline ther-
apy would be one with a complicated intra-abdominal
infection caused by a known resistant organism.

® Empiric therapy with tigecycline might be
appropriate if local bacterial isolates from intra-
abdominal infections demonstrated a resistance pat-
tern that would make tigecycline a reasonable choice
in a specific patient population based on a risk-strati-
fication system. This would clearly be a local decision
that would need to be based on objective data.

® Empiric therapy with tigecycline for a patient
with tertiary peritonitis would be appropriate as long
as P aeruginosa were not a concern. In such cases, this
empiric therapy should be coupled with antifungal
therapy until culture results can be obtained.

It is doubtful that tigecycline will become a first-
line choice for most patients with complicated intra-
abdominal infections unless an economic advantage
over other regimens can be shown in future studies.

Doripenem and other investigational antimicrobials
New antibiotics for intra-abdominal infection are
hard to come by these days, but a few investigational
agents are on the horizon.
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Doripenem is an investigational carbapenem with
broad-spectrum coverage that promises to have activity
against extended-spectrum beta-lactamase (ESBL)-
producing gram-negative organisms.”” A phase 3 trial
comparing doripenem with an active control in
patients with complicated intra-abdominal infections
was recently completed™ but has not yet been reported.
A New Drug Application for doripenem was submit-
ted to the FDA in December 2006 for indications
including complicated intra-abdominal infections.

Other investigational antibiotics that do not cur-
rently appear to have a role in the therapy of abdominal
infections include iclaprim, ceftobiprole, ceftaroline,
and garenoxacin. As bacterial resistance rises, we can
hope that the search for new antibiotics will continue.

I DURATION OF ANTIMICROBIAL THERAPY

A final issue of importance to the use of antibiotics for
any condition is the duration of treatment. Excessive
or prolonged therapy is considered to be one driver of
bacterial resistance.” A common problem in clinical
practice is the temptation to provide extended treat-
ment regimens to patients with intra-abdominal infec-
tion. An antimicrobial regimen for intra-abdominal
infection should be continued until all presenting
clinical signs and symptoms are resolved, including
normalization of body temperature and white blood
cell count and return to baseline gastrointestinal func-
tion."* When source control is adequate, the antimi-
crobial course can be restricted to 5 to 7 days.

B SUMMARY AND CONCLUSIONS

Source control remains the most important component
in the successful treatment of complicated intra-abdom-
inal infections. Proper selection of empiric antibiotic
therapy is adjunctive but is still important to the over-
all treatment plan. Selection of empiric antimicrobial
therapy for complicated intra-abdominal infections
depends on the severity of the illness and how the infec-
tion was acquired. Knowledge of bacterial resistance in
the hospital and community must be available to
inform selection of the optimal regimen. Patients with
community-acquired intra-abdominal infections pro-
ducing mild to moderate disease should not routinely
receive extended-spectrum antibiotic regimens.
Excessive use of these regimens in this population has
the potential to increase bacterial resistance.'

A number of antibiotics have demonstrated efficacy
in treating complicated intra-abdominal infections, and
treatment guidelines offer specific recommendations."'®
However, rising rates of antibiotic-resistant bacteria in
community and hospital settings highlight the need for
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new therapeutic options. Newer agents such as tigecy-
cline and possibly doripenem, when available, have a
potential role in the empiric treatment of complicated
intra-abdominal infections when coverage is needed
against gram-positive (including methicillin-resistant S
aureus and enterococci) and gram-negative bacteria as
well as aerobic and anaerobic bacteria.
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B ABSTRACT

Antimicrobial agents continue to account for a signif-
icant portion of institutional pharmaceutical expendi-
tures. Pharmacoeconomic analysis is a valuable tool
in assessing antibacterial agents for their place in
institutional formularies. This article reviews various
types of pharmacoeconomic analyses, their respective
limitations, and their roles in the antibacterial formu-
lary decision-making process. We also discuss the
current state of the antibacterial pharmacoeconomic
literature, including the economic impact of antimi-
crobial resistance.

B KEY POINTS

Pharmacoeconomic analysis adds an economic
component to formulary decisions while taking
several factors into account, including drug
acquisition costs and outcomes.

The complexity of treating infectious diseases
complicates the design of robust and generalizable
pharmacoeconomic studies, particularly for new
antimicrobial agents.

In designing pharmacoeconomic studies, considera-
tion should be given to study perspective, choice of
analysis type and control patients, severity of illness,
comorbidities, adequacy of antibacterial treatment,
and ensuring clear definitions of resistance.
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ntimicrobial agents remain a significant cost

category in institutional pharmaceutical

budgets, so their use and evaluation for for-

mulary inclusion have important economic
implications. Historically, economic evaluation of a
new medication prior to formulary addition compared
the new agent with existing formulary agents only in
terms of acquisition cost. This is an oversimplistic
approach, however, since a number of factors beyond
acquisition cost may contribute to the overall cost of
using one drug versus another.

This article reviews various types of pharmacoeco-
nomic analyses that can be used to evaluate antibac-
terial agents and how they can contribute to antibac-
terial formulary decision-making. We also examine the
current state of the antibacterial pharmacoeconomic
literature, including the economic impact of antimi-
crobial resistance, as well as limitations of pharma-
coeconomic analyses.

M STILL A MAJOR BUDGET ITEM

In the early 1990s, antimicrobial medications accounted
for as much as one third of the drug budgets of US hos-
pitals. Although this proportion has fallen to less than
one quarter in the last few years, this decline is mostly
due to increases in expenditures for other drugs (eg, car-
diovascular and chemotherapy agents) as opposed to
representing a decline in antimicrobial expenditures.
The National Institute of Health Care Management
reported that “broad-spectrum” antibacterials (eg,
ciprofloxacin [Cipro and others], levofloxacin [Leva-
quin]) and “enhanced” antibacterials (eg, amoxicillin-
clavulanate [Augmentin and others], piperacillin-tazo-
bactam [Zosyn]) were among the 25 therapeutic cate-
gories with the highest drug expenditures from 1999 to
2001. Together these antibacterial categories account-
ed for 7.8% and 6.7% of total retail drug expenditures
in 1999 and 2001, respectively."* The years since 2000
have seen the advent of additional new antifungal
agents and new antibacterials with activity against a
broad spectrum of organisms—both anaerobic and aer-
obic species, as well as facultative gram-positive and
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gram-negative organisms. Additionally, new agents are
on the horizon to treat viral infections in hospitalized
patients with compromised immune systems.
Determining the appropriate use—and thus the hospi-
tal formulary status—of this multitude of antimicro-
bials can be complex.

B FORMULARY MANAGEMENT AT A GLANCE

Formularies and formulary systems serve as an almost
universal approach to rational drug utilization in US
hospitals. Most institutions have a multistep approach to
formulary decision-making; clear guidelines have been
developed by the American Society of Health-System
Pharmacists, and in-depth reviews of formulary decision-
making are available.”” In brief, evaluation of a new
medication for the formulary typically includes a clini-
cal, pharmacologic, safety, and toxicologic review, as
well as a comparison with other medications in its class
or therapeutic category and an economic evaluation.
Formulary decisions are communicated, implement-
ed, and maintained using a number of ongoing formu-
lary management strategies, which include drug use
and clinical outcomes review, educational programs,
and guidelines and restrictions for particular drugs or
diseases. An institution’s ability to successfully imple-
ment cost-containment strategies such as appropriate-
use criteria, use restrictions, guidelines, intravenous
(IV)-to-oral conversions, therapeutic substitution, and
automatic stop orders is often critical in the formulary
decision-making process.*’ Astute formulary manage-
ment involves evaluating these various strategies to
determine whether they provide cost savings or merely
shift costs, and judiciously implementing specific
strategies for specific drugs or situations to provide cost
savings, better outcomes, and/or better patient care.

B PHARMACOECONOMICS:
RATIONALE AND APPLICATIONS

The growing demand to evaluate the actual results of
health care interventions has spurred the growth of out-
comes research, which evaluates the effect of interven-
tions on patient-related (if not patient-specific) clinical
outcomes, economic outcomes, and humanistic out-
comes (eg, patient satisfaction and quality of life)."
Pharmacoeconomics is a subset of outcomes re-
search focused on describing and analyzing the costs of
drug therapy to health care systems and society." It
involves the comparison of costs and consequences
(clinical, economic, humanistic) of interventions with
pharmaceutical products and services."” The different
costs that may be included in pharmacoeconomic
analyses are outlined in the sidebar on this page. The
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Types of costs that may be included
in pharmacoeconomic analyses

Direct medical costs are the medical resources used
to treat a disease or illness (eg, hospital care, drugs).

Direct nonmedical costs are the costs of nonmedical
products and services that enable patients to receive
treatment (eg, transportation to site of treatment).

Indirect costs are the costs of morbidity or mortality
resulting from an illness (eg, loss in productivity).

Intangible costs refer to the pain and suffering caused
by illness and/or treatment, and are difficult to quantify.

costs and resources to be included depend on the per-
spective of the analysis.'®" For example, if the study is
from a societal perspective, all types of costs should be
included. However, if the study is from a hospital per-
spective, only direct medical costs may be included. If
an intervention or program extends beyond 1 year, dis-
counting should be applied to adjust future values to
reflect the present value.” Although there is no set
discounting rate, published standards are available
(from government and previous studies)."*

Beyond drug acquisition costs

Traditionally, formulary decisions took into account
only drug acquisition costs, not the potential savings
stemming from use of the better drug. Ideally, to merit
inclusion in the formulary, a new antibacterial agent
with improved efficacy should reduce the incidence
and cost of treatment failure and/or result in better out-
comes (or earlier achievement of comparable out-
comes), which should offset the new agent’s typically
higher cost.”

Pharmacoeconomic analysis should be the preferred
tool for guiding antibacterial formulary decisions and
evaluating the economic impact of antibacterial use
because it is usually based on clinical outcomes and does
not merely evaluate drug acquisition costs. Pharma-
coeconomics takes into account all types of outcomes
associated with antibacterial use, such as treatment suc-
cess or failure, indeterminate outcome, adverse events,
and antimicrobial resistance. [t also accounts for the cost
of all resources used, such as professional services, hospi-
talization, emergency department care, laboratory tests,
office visits, imaging and pathology studies, and drugs.’

A range of applications
Pharmacoeconomic analysis helps to identify therapies
that reduce costs via efficient or optimal use of resources
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Common types of pharmacoeconomic analyses

Cost-minimization analysis compares the costs of two or
more interventions or treatments whose outcomes are
assumed to be equivalent.” This type of analysis compares
costs alone, whereas results in the other three types of analy-
sis are calculated as ratios of costs to consequences. An
example would be comparing the costs of using therapeuti-
cally equivalent drugs.

Cost-benefit analysis is used to compare costs and
consequences of two or more alternatives with similar or dif-
ferent outcomes. The consequences or benefits are measured
in monetary terms.'>'® An example would be an analysis to
decide whether to expand inpatient clinical services or imple-
ment an outpatient disease management program.

Cost-effectiveness analysis compares costs and con-
sequences of alternative therapies or interventions that have
similar outcomes. Unlike cost-benefit analysis, the outcomes
are measured in natural units (eg, serum triglyceride lev-
els).”' A primary or intermediate outcome can be measured
as the consequence of the treatment or intervention. While
primary outcomes are preferred (eg, lives saved or life-years
saved), intermediate outcomes may be used if the relation-

while maintaining quality patient care.”” In addition,
pharmacoeconomics can serve a number of specific
functions that facilitate formulary decision-making in a
variety of other ways; some strategies are outlined below.

e Retrospective pharmacoeconomic evaluations
can help confirm the appropriateness of past formula-
ry decisions to add or change agents.’

® On adding a new therapy to the formulary, an
incremental analysis (to determine the additional cost
incurred to provide an additional effect, measured in
dollars, clinical outcomes, or utility) can be done to
help assess its value relative to previous therapies."

® Pharmacoeconomic analysis can help to deter-
mine if a drug is clinically or economically beneficial
in different scenarios involving different populations,
bacterial sensitivities, or clinical treatment strategies.
[t also can compare treatments using different combi-
nations of antibacterial agents for patients with dif-
ferent infections and comorbid conditions.

e Pharmacoeconomic analysis can help gauge how
diagnostic accuracy, monitoring (eg, adverse events),
and drug-related problems may change the economic
implications of a treatment. Drug-related problems
such as an untreated or inappropriate indication, an
improper drug or dosage, poor adherence, adverse drug
reactions, or use by populations not represented in clin-
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ship between intermediate and final outcomes can be esti-
mated.’ An example would be comparing reductions in car-
diac risk by comparing various approaches to reduce serum
triglyceride levels (intermediate outcome), assuming that
such a reduction would reduce cardiac risk. The cost-effec-
tiveness ratio is presented as an average or incremental ratio.
The average cost-effectiveness ratio is the ratio of the mean
value of cost and outcomes (consequences) for each alterna-
tive and helps to determine the overall affordability of an
intervention. The incremental cost-effectiveness ratio repre-
sents the additional cost incurred to produce the additional
effect as a result of a change in therapy; it is the ratio of the
change in costs and effects and provides the relative efficien-
cy of alternative options.®

Cost-utility analysis, like cost-effectiveness analysis,
compares the costs and consequences of alternative therapies
or interventions, but is adjusted for patient preferences or util-
ity. The effect or consequence of the therapy or intervention is
measured in terms of both quality and quantity of life."”'* An
example would be comparing chemotherapy agents for breast
cancer in terms of quality-of-life—adjusted survival.

ical trials (eg, pregnant women and children) can affect
the economic efficiency of antibacterial therapy.”
Pharmacoeconomic evaluations that account for these
factors can help determine the best choice of therapy
and demonstrate the economic effects of different treat-
ment strategies in these less than ideal situations.

M TYPES OF PHARMACOECONOMIC ANALYSES

Pharmacoeconomic evaluations of specific therapies
may be based on one of two approaches:

e Direct observation of relevant economic out-
comes (eg, costs, hospital length of stay) associated with
the treatment under evaluation versus a comparator

® Modeling of expected economic outcomes based
on observed clinical outcomes associated with the spe-
cific treatments and known relationships between
clinical and economic outcomes from other sources.

Four types of pharmacoeconomic evaluation are
typically used to assess the costs and consequences of
drug therapy—cost-minimization, cost-benefit, cost-
effectiveness, and cost-utility analyses. These analyses
differ in the outcome measures used, as detailed in the
sidebar above. Cost-effectiveness and cost-minimiza-
tion analyses are the most commonly used analysis
types for assessing antibacterial drugs.

All four of these types of analysis may be based on
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direct observational studies, clinical trials, a modeling
approach, or a combination of these, depending on
the availability of economic data in the direct com-
parison of treatments. When modeling is used, deci-
sion tree analysis is the most common approach.”
Decision tree analysis helps to identify the best deci-
sion from all available options. It involves identifying
available options and predicting the consequences or
outcomes of each. A likelihood or probability is
assigned for each outcome, as is a cost, and the com-
bination of all this information is used to identify the
best decision option."”

Related analyses
Related analyses include cost-of-illness analysis and
health-related quality-of-life studies.

Cost-of-illness analyses assess the resources used
as a result of the illness (including treatment of the
condition) and thereby determine the economic
impact of the illness on society.'” These analyses also
serve to highlight the unmet therapeutic need—and
corresponding economic need—for new treatments.

Health-related quality of life. In addition to the
above types of pharmacoeconomic analyses, there is a
growing literature on health-related quality of life.
This research area provides insights into such patient
outcomes as physical, social, and mental well-being
and aims to provide a complete picture of the illness
and its treatment.'®

Adjust for assumptions with sensitivity analysis
Pharmacoeconomic studies conducted using any of
these types of analysis will necessarily be based on a
number of assumptions. For this reason it is impor-
tant to conduct sensitivity analyses to determine the
validity and robustness of the results obtained’ and
the limits of applying results to different patient pop-
ulations and settings."”

M PHARMACOECONOMIC ANALYSES OF
ANTIBACTERIAL THERAPY: SAMPLE STUDIES

Direct comparisons of antibacterial therapies
Numerous pharmacoeconomic evaluations of anti-
bacterial agents have been published, and a compre-
hensive review is beyond the scope of this article.
Below we focus on a few examples of well-done phar-
macoeconomic analyses with clear outcomes in order
to illustrate how various types of evaluations are used.
These studies were selected from the literature to rep-
resent the most common pharmacoeconomic analyses
for evaluation of antibacterial drugs. Study details and
major results are summarized in Table 1.
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Cost-effectiveness analyses. Drummond et al”
evaluated the costs, consequences, and cost-effective-
ness of sequential IV and oral moxifloxacin (Avelox)
monotherapy compared with amoxicillin-clavulanate
with or without clarithromycin (Biaxin and others) in
hospitalized patients with community-acquired pneu-
monia who needed parenteral treatment. Treatment
with moxifloxacin resulted in more patients achieving
clinical cure within 5 to 7 days after therapy, increased
the speed of response, and reduced length of stay by
0.81 days (Table 1). Treatment with moxifloxacin was
found to be cost-effective, mainly as a result of the
reduced length of stay.

Walters et al® attempted to determine the cost-
effectiveness of three regimens—(1) sequential IV-to-
oral ciprofloxacin plus IV metronidazole, (2) IV
ciprofloxacin plus metronidazole, and (3) IV imipen-
em-cilastatin (Primaxin)—in hospitalized patients
with intra-abdominal infections. Decision tree analysis
was used to compare the regimens. Among patients
able to receive oral therapy, sequential IV-to-oral treat-
ment with ciprofloxacin and metronidazole was more
cost-effective than the comparator regimens (Table 1).
Among patients unable to receive oral therapy, no dif-
ferences were found among the three regimens.

Cost-minimization analyses. Samsa et al’ com-
pared azithromycin (Zithromax and others)-based
and levofloxacin-based protocols for treating patients
hospitalized with community-acquired pneumonia
(see Table 1 for specific regimens). The regimens were
determined to be equally efficacious based on demon-
stration of clinical equivalency during the study. Data
on medical resource utilization were collected through
the 30 days following hospital discharge; costs of the
study medications, hospital stay, home care, postdis-
charge medical utilization, and lost work days were
included. As detailed in Table 1, the azithromycin-
based protocol was associated with lower costs than
the levofloxacin-based protocol.”

In a recent analysis of US patients hospitalized with
complicated skin and skin structure infections, Mallick
et al” compared hospital length of stay between those
treated with [V tigecycline (Tygacil) and those treated
with IV vancomycin plus IV aztreonam (Azactam).
Treatment with tigecycline was associated with a short-
er hospital stay after adjusting for identified risk factors
(Table 1). Given similar efficacy between the two treat-
ment groups,” these researchers performed cost-mini-
mization modeling to determine the economic implica-
tions of this reduction in length of stay. Based on daily
costs of hospitalization for patients with complicated
skin and skin structure infections identified from a US
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TABLE 1

Overview of direct economic evaluations of antibacterial agents

Study Patient
(year) Regimens compared* population
Drummond e Sequential IV and oral 622 hospitalized
et al”® moxifloxacin (Avelox) patients with
(2003) e Amoxicillin-clavulanate  CAP requiring
+ clarithromycin parenteral therapy
Walters e Sequential 1V-to-oral 446 hospitalized
et al® ciprofloxacin + patients with
(1999) IV metronidazole intra-abdominal
e |V ciprofloxacin + infections
IV metronidazole
¢ |V imipenem-cilastatin
(Primaxin)
Samsa o |V azithromycin + 163 hospitalized
et al”! IV ceftriaxone, patients with CAP
(2005) followed by oral
azithromycin
o |V levofloxacin
(Levaquin) followed
by oral levofloxacin
Mallick o |V tigecycline (Tygacil) 186 hospitalized
et al?? o |V vancomycin + patients with

(2005, 2006)

IV aztreonam (Azactam)

complicated skin
and skin structure
infections

Type of analysis/
outcomes measured

Cost-effectiveness analysis;
cost and outcomes data
collected for 21 days and
evaluated based on clinical cure
rates 5-7 days post-treatment

Cost-effectiveness analysis
fitted into a decision tree
model to compare economic
outcomes; primary clinical
outcome measure was
treatment success or failure
as assessed by investigators

Cost-minimization analysis
(regimens equally efficacious
clinically); direct medical cost
data collected through 30 days
postdischarge, including study
medications, hospital LOS,

home care, postdischarge medical
utilization, and lost work days

Cost-minimization analysis
(regimens equally efficacious
clinically) based on pooled
data on hospital LOS from
two clinical trials

Primary findings

» Moxifloxacin associated with
higher clinical cure rate (80.7% vs
75.4%), faster response (1 day
sooner for median time to first
return to apyrexia), and reduced
LOS (7.64 vs 8.45 days)

 Moxifloxacin deemed cost-effective,
yielding savings of 2,000 euros
(~$2,462 in 2006 dollars) per
additional patient cured, mainly
due to reduced LOS

* Among patients able to receive
oral therapy, sequential IV-to-oral
ciprofloxacin + metronidazole was
cost-effective ($7,835 per successful
outcome) compared with the two
IV-only treatment arms ($9,334 per
successful outcome)

* Among patients unable to receive
oral therapy, no difference in
treatment cost or success rates
between IV therapies

e Direct medical costs per patient were
$2,481 lower with azithromycin-
based regimen ($9,274) than with
levofloxacin regimen ($11,755)

e Tigecycline associated with
1.85-day reduction in LOS
(P =.0015) after adjusting for
identified risk factors

e Reduction in LOS translated to
expected per-patient cost savings
of $1,469 with tigecycline

IV = intravenous; CAP = community-acquired pneumonia; LOS = length of stay

*Except for agents with trade names listed in parentheses, the listed antibacterials are multisource drugs that are available from various manufacturers.

multihospital audit ($794),* modeling showed that the
above reduction in length of stay with tigecyline versus
vancomycin/aztreonam translated to an expected cost
savings of $1,469 ($794 X 1.85 days).”

Discussion. All of the above four analyses were
based on prospective randomized trials. Drummond et
al” did not collect resource utilization data for the
adverse events in their study, but the low incidence of
adverse events suggested that such events would not
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have a large impact on the economic results. Walters
et al”® collected adverse event data only in terms of
length of stay (ie, adverse events that extended the
hospital stay). Both Drummond et al" and Walters et
al® used primary outcomes (clinical cure and treat-
ment success, respectively) as their end points.

Cost-of-illness studies
Cost-of-illness studies serve important purposes in
many disease states, including complicated infections.
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Such studies provide at the outset, when combined
with estimates of disease prevalence, important infor-
mation on the magnitude of the burden an illness
poses to health care payers or to society in general.
They also may serve as critical parameters for model-
ing the expected economic benefit of specific treat-
ments when cost data are not directly available from
head-to-head observational studies. Most cost-of-ill-
ness studies in complicated infections have focused
on the public health and economic impact of antimi-
crobial resistance. Although this topic has been
reviewed extensively,” " it is helpful to consider in
the present discussion.

Antimicrobial resistance. As early as 20 years ago,
Holmberg et al*® reviewed the contemporary litera-
ture and concluded that antimicrobial resistance was
not only an important health problem but also an
economic burden to society. Antimicrobial resistance
has since been estimated to cost the United States up
to $5 billion annually.”

However, many of the reported cost-of-illness stud-
ies have not been particularly well designed to evalu-
ate increases in expenditures attributable to resistance.
Early case-control studies did not take into account
whether patient populations were infected by resistant
as opposed to susceptible organisms. Some of these
reports were also based on large database analyses that
lacked sufficient clinical information.

Methicillin-resistant Staphylococcus aureus (MRSA)
has been a key focus of the literature on the econom-
ic impact of resistance.””" These studies have high-
lighted extended length of stay as the predominant
driver of MRSA-related costs in patients with com-
plicated infections.

Other studies have examined the economic impact
of antimicrobial resistance in the context of other
microorganisms. Three well-designed analyses are
pertinent to the discussion here.”*

One study was a retrospective cohort investigation
that matched 233 hospitalized patients with van-
comycin-resistant enterococci (VRE) (case group) on
a 1:3 basis with 647 hospitalized control patients
according to hospital location, date, and length of stay
prior to infection.” The objective was to determine
the economic impact of VRE. Multivariate analysis
showed that VRE was associated with increases in
mortality, surgical procedures, and admissions to the
intensive care unit, as well as with an excess cost of
more than $12,000 per case.

In a retrospective cohort study of more than 200
patients with respiratory or blood isolates of either
penicillin-susceptible or -nonsusceptible Streptococcus
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pneumoniae, Klepser et al” found that length of stay

and cost of care were significantly greater for patients
in the nonsusceptible group than for those in the sus-
ceptible group. There was no difference in clinical out-
comes, and patients in the nonsusceptible group had
more antibiotic use prior to their present infection.

Gram-negative organisms are more complicated,
since the various species likely necessitate differenti-
ated studies. As Pseudomonas aeruginosa is a relatively
common nosocomial isolate that poses treatment
challenges, Carmeli et al** designed a study to evalu-
ate the clinical and economic impact of bloodstream
infections caused by resistant and susceptible P aerugi-
nosa, including those organisms that became resistant
during therapy. Resistance was clearly defined and
outcomes included mortality, secondary bacteremia,
length of stay, and hospital charges. A total of 421
patients were identified, of whom 70% had P aerugi-
nosa isolates that were considered susceptible. Thirty
patients had isolates that were susceptible at baseline
but then became resistant during therapy. This group
of patients had significant increases in mortality and
length of stay relative to patients with isolates that
remained susceptible throughout therapy.

Many factors affect the outcomes of patients
infected with resistant organisms, including infection
acuity, underlying diseases, and the actual hospital
epidemiology. The definition of resistance also must
be taken into consideration—ie, how many antibac-
terials the organism is resistant to and how effective
the remaining active agents are. In addition, some
organisms are more virulent than others and play a
larger role in poor outcomes. It is clear, however, that
resistant organisms have a significant effect on out-
comes and costs. It is therefore possible that appropri-
ate stewardship can improve antimicrobial utilization
and reduce rates of resistance.”

Cost of inadequate initial therapy. Berger et al
recently used a large US multihospital database to ret-
rospectively examine the impact of failure of initial
empiric therapy on the overall cost of hospital treat-
ment for patients who received IV antibiotics for
complicated skin and skin structure infections™ or
complicated intra-abdominal infections.’

Their analysis of skin and skin structure infections
involved a cohort of 23,846 patients, 24% of whom
experienced failure of initial IV antibiotic therapy,
defined as the need for drainage/debridement or a
change in antibiotic regimen (except for de-escalation
or [V-to-oral switches).”* Patients in whom initial [V
antibiotic therapy failed had a threefold increase in
inpatient mortality compared with those in whom ini-
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TABLE 2

Clinical and economic consequences of failure of initial empiric intravenous (IV) antibiotic therapy**

Hospitalized patients with complicated skin and skin structure infections (N = 23,846)

Outcome measure

In-hospital mortality 1.2%
Duration of IV antibiotic therapy (days) 8.5
Hospital length of stay (days) 9.4
Inpatient charges $8,920

Pts with initial Tx failure

Pts with initial Tx nonfailure P for difference

0.4% <.001
4.2 <.001
5.1 < .001

$4,142 <.001

Hospitalized patients with complicated intra-abdominal infections (N = 2,061)

Outcome measure

In-hospital mortality 9.3%
Duration of IV antibiotic therapy (days) 9.9
Hospital length of stay (days) 11.3

Inpatient charges $17,539

Pts with initial Tx failure

Pts with initial Tx nonfailure P for difference

1.4% <.001
5.1 <.001
6.7 <.001

$9,152 <.001

tial therapy did not fail, and they received an addi-
tional 4.3 days of IV antibiotic therapy, were hospital-
ized an additional 4.3 days, and incurred an addition-
al $4,778 in inpatient charges (Table 2).

In the analysis of complicated intra-abdominal
infections, 25% of the cohort of 2,061 patients did not
respond to initial IV antibiotic therapy.”® Compared
with their counterparts who responded to initial ther-
apy, these patients had a sixfold increase in mortality,
received an additional 4.8 days of IV antibiotic thera-
py, stayed in the hospital 4.6 days longer, and incurred
an additional $8,387 in inpatient charges (Table 2).

It should be noted that these data from Berger et al
are currently available only in abstract form and that
both studies are retrospective reviews of a large data-
base. It would be helpful if the definition of antibiot-
ic failure were specified clearly, since factors such as
lack of surgical intervention could influence antibiot-
ic failure rates. On the basis of clinical experience and
the information in these abstracts, it seems clear that
patients who do not respond to initial interventions
fare worse than those who do respond. These studies
complement others’ demonstrating that early initia-
tion of appropriate antimicrobial therapy plays a role
in clinical success.

Il GAPS IN THE LITERATURE

Adverse events and their treatment have an important
effect on the clinical and economic benefits of anti-
bacterial agents and should be evaluated prior to inclu-
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sion of agents in the formulary.”® A study by Classen et
al” showed that antibacterial-related adverse events
accounted for 23.3% of all adverse drug reactions
among hospitalized patients. However, very few phar-
macoeconomic studies have evaluated the cost of
adverse events due to antibacterial agents.”

An electronic literature search using MEDLINE to
identify pharmacoeconomic studies of antibacterial
agents retrieved a wide array of articles, with a greater
number of studies on certain infections (eg, commu-
nity-acquired pneumonia) than on others. Because
broad-spectrum antibacterials may be used against a
wide variety of infections and microorganisms, and
because each organism can cause several types of
infection, the number of possible organism-drug com-
binations is considerable. Accounting for this abun-
dance of possible scenarios makes pharmacoeconom-
ic evaluations and extrapolation of results complex
and challenging. In addition, various infections differ
in severity and may have different guidelines for treat-
ment. Although guidelines might make it simpler to
evaluate certain infections, results may not be gener-
alizable to other infections caused by the same organ-
ism in different practice settings (eg, other hospitals
or nursing homes). In addition, it may be difficult to
identify clear end points or summary outcomes for
treatment of certain infections.

The relevance of these types of studies plays into
the design of the pharmacoeconomic evaluations
described in the previous sections. The epidemiology
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in an individual institution may skew the applicabil-
ity of an economic analysis if resistance patterns are
different from those studied, as differing prevalences
of resistant organisms clearly can affect economic
outcomes.

M LIMITATIONS OF PHARMACOECONOMIC ANALYSES

Despite its potential utility, pharmacoeconomic
analysis is associated with several general limitations
as well as drawbacks specific to its use in antibacteri-
al formulary decision-making.

Included costs are often incomplete or imprecise

A large proportion of pharmacoeconomic studies of
antibacterial agents consider only the acquisition costs
of the agents and do not take into account hospital-
ization costs, which make up a major portion of over-
all expenditures in the treatment of infectious dis-
eases. Some studies take into account the acquisition
and dispensing costs of the antibacterial agents and
other drugs used to treat the infection and any adverse
events. These studies are based on an assumption that
the remainder of the costs associated with the hospi-
talization are fixed and constant between groups.
Using hourly wages to calculate dispensing and
administration costs may not have much of an impact
on hospital costs. Additionally, the viability of time
and motion studies to calculate labor and material
costs associated with treatment may be limited. Even
the inclusion of the entire cost of hospitalization may
still not capture all costs related to an infectious
episode because costs related to the episode may have
been incurred before treatment was begun and may
not be included. In addition, the infection may not be
the sole reason for the hospitalization. Separating out
all the costs related to other diagnoses might be diffi-
cult and thus may require the use of estimates.*

No single ideal method for calculating costs

The costs calculated in a prospective study may not be
generalizable because most prospective studies are ran-
domized controlled trials that do not represent normal
conditions in general practice. Retrospective collec-
tion of cost data may pose difficulties in separating the
costs of treating the infection from the costs of treat-
ing other diagnoses. In addition, cost data may be col-
lected from a single institution, which limits their gen-
eralizability. Another method used to determine costs,
expert opinion, is limited in that it does not report
actual patient-incurred costs and does not allow for
much variation, which may pose statistical challenges.
As a result, no single method for calculating costs is
appropriate in all situations.*
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Each type of analysis has drawbacks

Each type of analysis has its limitations. In cost-min-
imization analysis, it might be difficult to establish
that clinical outcomes are equivalent.” Cost-effec-
tiveness analysis compares only one outcome or a sin-
gle summary measure of related outcomes at a time,
and some diseases may not have a distinct measure or
a summary measure that can serve as an overall indi-
cator of the effect of an intervention. In addition,
cost-effectiveness analysis measures only the afford-
ability and efficiency of a treatment and not whether
the clinical outcomes gained are worth the cost of
treatment.” The drawback of cost-benefit analysis is
the difficulty of assigning monetary values to certain
outcomes. For example, if the outcome or conse-
quence evaluated is years of life saved, assigning a
monetary value to life might be problematic.'*'® Use
of average ratios calculated to interpret comparisons
of interventions may not reveal the magnitude of the
cost and consequences or the differences between
treatments. As a result, ratios do not provide useful
information in terms of budget impact.’

Timeliness, generalizability, other limits

The timeliness of pharmacoeconomic analyses is often
problematic due to the time lag associated with publi-
cation. Pharmacoeconomic studies are rarely available
when formulary decisions on new drugs are being
made, and even if studies are available, their reliabili-
ty and robustness might be questionable. Modeling a
study from different perspectives and using different
assumptions may present different and sometimes con-
tradictory results. In addition, these assumptions may
be incorrect or inappropriate.’” Moreover, pharma-
coeconomic evaluations in a specific institution,
under specific conditions and for specific populations,
may not be applicable to other institutions or situa-
tions. Likewise, infections or illnesses may differ in
degree of severity and risk, which again limits general-
izability.” Similarly, patterns of antimicrobial resist-
ance may develop differently over time in different
settings, which further limits applicability between
settings.” Other potential limitations include biased
industry sponsorship and lack of in-house expertise in
economic evaluation.’

B CONCLUSIONS

The complexity of both infectious diseases and their
treatments makes it difficult to design robust and gen-
eralizable pharmacoeconomic studies, especially for
new antibacterial agents. As a result, pharmacy and
therapeutics committees often must rely on studies
conducted on a small scale after a drug has been intro-
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duced to the market. Economic evaluation of antibac-
terials is important but should not be the primary driv-
er of utilization. Careful consideration of a drug’s effec-
tiveness and safety relative to other agents on the for-
mulary must precede economic considerations.
Translating the pharmacoeconomic literature to
the individual institutional level is challenging, espe-
cially when it comes to length of stay and institution-
specific resource use. Also, the issues of antimicrobial
resistance and initial therapy failure should be taken
into consideration so as to maximize use of the most
effective agents up front and assure adequate dosing.
Despite its limitations, pharmacoeconomic analysis
is a valuable tool in assessing antibacterial agents for
their place in the formulary. It adds an economic com-
ponent to formulary decisions while accounting for
factors in addition to drug acquisition cost. When pos-
sible, institution-specific pharmacoeconomic studies
should be considered to validate published data. The
design of such studies should give careful considera-
tion to the study perspective, the choice of analysis
type and control patients, the severity of illness,
patient comorbidities, the adequacy of antibacterial
treatment, and ensuring clear definitions of resistance.
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