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This volume in the series Issues in Infectious Diseases deals with one of the most
important topics in the field: antimicrobial resistance. 

Since antimicrobial drugs were first discovered and used during the Second World
War, they have saved countless lives and eased the suffering of millions of people.
Unfortunately, in recent years we have seen the emergence and spread of microbes
that have acquired resistance to many of the antibiotics in widespread use. Some of
the most important of these are penicillin-resistant Streptococcus pneumoniae, van-
comycin-resistant enterococci, multidrug-resistant salmonellae and Mycobacterium
tuberculosis, and methicillin-resistant Staphylococcus aureus (commonly known as
MRSA).

The consequences of infection with these widespread antibiotic-resistant microbes
have led to patients fearing to enter hospitals, since medical facilities are often sources
of such microbes. 

In this, the sixth volume of this series, we consider the full scale of the costs of
antimicrobial resistance to our society, both in human and economic terms.

Brian W.J. Mahy
Centers for Disease Control and Prevention, Atlanta, Ga.
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One characteristic which streptomycin seems unfortunately to share with many antibiotics is
that of rapidly inducing in susceptible organisms a high resistance to the drug. This is a sub-
ject which obviously offers interesting prospects for analysis.

Sir Howard W. Florey
Penicillin

Nobel Lecture, December 11, 1945

Florey was instrumental in launching the antibiotic era and his observations are as
true now as they were then. In 2009, the Royal Swedish Academy of Sciences awarded
the Nobel Prize in Chemistry to Venkatraman Ramakrishnan, Thomas A. Steitz and
Ada E. Yonath ‘for studies of the structure and function of the ribosome’. Their work
included the creation of three-dimensional models used by scientists to develop new
antibiotics, which the Royal Academy said had directly assisted in saving lives and
decreasing humanity’s suffering. However, we can anticipate that microbes will
develop resistance to any new antimicrobial drugs developed on the basis of this or
another scientific discovery, eventually making the drugs powerless against one,
many or all infections.

At the most simple and definitional level, resistance is the numerical value generated
by susceptibility testing to determine whether a microorganism meets criteria for being
‘susceptible’, ‘intermediate’ or ‘resistant’ to an antimicrobial drug. These terms are collo-
quially referred to as ‘breakpoints’. But the real measure of impact is the ability to cure
infections and improve the health of patients. Antimicrobial (or, synonymously, antibi-
otic) resistance has cut a swath through the effectiveness of all antimicrobial classes used
to treat infectious diseases. Listing the combinations of drugs and their counterpart resis-
tant pathogens would be a volume in itself. However, for bacteria important examples
include the aminoglycosides (resistance in Acinetobacter baumannii and Pseudomonas
aeruginosa causing infections in critically ill patients), aminopenicillins (resistance in
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community-acquired infections and Enterococcus spp. that cause bloodstream infections
in hospitalized patients), carbapenems (resistance in Klebsiella pneumoniae that causes
healthcare-associated infections), quinolones (resistance in various Gram-negative and
Gram-positive bacteria such as Escherichia coli causing urinary tract infections and
Neisseria gonorrhoeae causing sexual transmitted infections), cephalosporins (resistance
in various Gram-negative and Gram-positive bacteria associated with community- and
healthcare-associated infections), antipseudomonal cephalosporins (resistance in
Pseudomonas aeruginosa), macrolides (resistance in pneumonia and meningitis caused
by Streptococcus pneumoniae), and anti-staphylococcal semi-synthetic penicillins (resis-
tance in Staphy lococcus aureus causing community-associated and healthcare-associated
skin and soft-tissue infections including surgical-site infections).

In addition, there is ubiquitous antimalarial resistance that has hampered malaria
treatment and prophylaxis worldwide, anti-tuberculous drug resistance that has
forced longer and more toxic regimens against tuberculosis, antiretroviral resistance
in HIV requiring increasingly complex regimens, and antiviral resistance among sea-
sonal influenza strains further reducing already limited treatment options. If we are
willing to include the visible among the category of ‘microbes’, increasing resistance of
lice (Pediculus humanus capitis) to treatment should also be noted.

This volume does not address the very important problem of the paucity of new
antimicrobial drugs and drug classes in the pharmaceutical pipeline. If this pipeline
had been full and flowing in recent years, there would be less concern over resistance
to older drugs. Instead, there have been few new antimicrobial drugs developed, even
fewer new classes, and several large pharmaceutical companies have abandoned
research and development in the area of antibacterial drugs.

The authors of these chapters have focused on issues in various aspects of antimi-
crobial resistance that challenge our ability to slow its inexorable progress, and how
we can make the best use of the effectiveness of currently available antimicrobials.
Miller examines the changing epidemiology of methicillin-resistant S. aureus that is
creating diagnostic challenges and forcing the creation of new prevention strategies.
Paterson and Doi describe the detection dilemmas and dwindling choices of antimi-
crobial drugs for critically ill patients infected with these organisms. Parry details the
explosive increase in the use of fluoroquinolones for a wide range of diseases and the
equally wide ranging resistance consequences, including food-borne pathogens and
sexually transmitted infections.  Moore and Whitney provide timely analysis of the
role of secondary bacterial pneumonia in the context of an influenza pandemic and
likelihood that resistant pathogens will play a role in the current pandemic. Belongia
et al. summarize the evidence for the methods that effectively reduce the unnecessary
use of antimicrobial drugs in the community, a principal tool for slowing the spread
of antimicrobial resistance. Similarly, Rezai and Weinstein present the evidence for
methods to prevent the spread of antimicrobial-resistant infections in healthcare set-
tings. In a closely related chapter, Merz et al. review the data for the cost of antimicro-
bial resistance in healthcare settings, providing some of the information needed to
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convince healthcare institutions to invest more in infection control. Churcher et al.
look at the necessary strategy of mass treatment to control parasitic disease and what
impact this can have on anthelmintic resistance. Arthington-Skaggs and Frade pre-
sent the difficulty in measuring resistance in fungal pathogens and the ambiguous
relationship of in vitro findings with patient response to treatment. Bennett dissects
the threat of resistance that has been used to argue against bringing effective anti-
retroviral regimens to much of the world’s HIV-infected population. 

As Bennett notes for the example of HIV, the fear of resistance should not deter the
appropriate use of antimicrobial drugs to reduce morbidity and to save lives.
Resistance is an inevitable consequence of even the most perfect use of antimicrobial
drugs. Appropriate use combined with prevention strategies described in this volume
are the tools we must adhere to now and in the future for the health of our patients.

J. Todd Weber, Stockholm
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Community-Associated Methicillin Resistant 
Staphylococcus aureus
Loren Gregory Miller

David Geffen School of Medicine at UCLA, Division of Infectious Diseases, Harbor-UCLA Medical Center, 

Torrance, Calif., USA

Abstract
Community-associated methicillin-resistant Staphylococcus aureus has rapidly risen in incidence to 

become not only very common, but the predominant cause of S. aureus infections in many parts of 

the world. This bacterium is notable for its predilection to cause infections in healthy persons and be 

transmitted easily from person to person. Additionally, this organism has the ability to cause severe, 

life-threatening infections that were previously only rarely, if ever, associated with S. aureus. Optimal 

methods to treat and prevent this infection are uncertain and will require extensive investigation.

Copyright © 2010 S. Karger AG, Basel

Infections caused by community-associated methicillin-resistant Staphylococcus 

aureus (CA-MRSA) have, in a relatively brief period of time, been transformed from a 

rare entity worthy of case reports, to a common infection. In many parts of the world 

CA-MRSA infections are common reasons that patients present to primary care phy-

sicians, urgent care clinics, and emergency departments. CA-MRSA infections are 

also being seen increasingly by subspecialty practitioners, who previously had not 

encountered or were not aware that community-associated S. aureus infections could 

be and are caused by MRSA. This chapter will review current understanding of the 

epidemiology, pathogenesis, treatment and prevention of CA-MRSA infections.

S. aureus, MRSA and Community-Associated Infections: Background

S. aureus is a ubiquitous human pathogen and a common cause of invasive and life-

threatening infections. It is the most common cause of community-associated celluli-

tis [1, 2] and endocarditis [3], and is a common cause of bacteremia [1, 4, 5]. S. aureus 

strains were once nearly uniformly susceptible to semi-synthetic penicillinase-resistant 
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β-lactams (e.g. methicillin, oxacillin), the most commonly used class of antibiotics 

for skin infection. These strains were termed ‘methicillin resistant Staphylococcus 

aureus,’ or MRSA, a term that implied cross-resistance to all β-lactams including all 

penicillins and cephalosporins. By the 1970s, MRSA outbreaks were reported in large, 

urban, tertiary care hospitals in the United States. Soon MRSA became endemic as a 

nosocomial pathogen in many hospitals [6]. MRSA infections acquired in the com-

munity, however, remained extremely rare.

Defining a ‘community-associated’ infection is challenging. Most experts pre-

fer the term ‘community-associated’ rather than other terms found in the literature 

(e.g. community-acquired, community-onset). In the past, terms such as ‘nosocomi-

ally acquired’ and ‘community-acquired’ were used to describe the locale in which 

an infection was acquired. More recently, public health officials have emphasized 

describing the origin of the organism that subsequently caused the infection (com-

munity vs. healthcare setting) rather than just where the infection was acquired [7].

Many CA-MRSA definitions have been used [8]. One commonly used definition 

of community-associated is based on epidemiologic risk factors. The designation of 

MRSA as CA-MRSA infection reflects that the MRSA culture was obtained in the 

outpatient setting or isolated during 72 h of hospitalization and the patient did not 

have exposures associated with healthcare-associated (HA) MRSA infections, such as 

recent (defined as ‘in the prior 12 months’) hospitalization, receipt of hemodialysis, 

residence in a chronic care facility, or presence of an indwelling catheter [9].

Others have used molecular characteristics of the MRSA isolate to distinguish 

CA-MRSA from HA-MRSA strains. CA-MRSA infections are typically caused by 

strains that carry Staphylococcal Chromosomal Cassette (SCC)mec type IV (or V), 

whereas HA-MRSA is typically caused by strains that contain SCCmec types I–III 

(discussed below). However, a molecular definition of CA-MRSA is limiting. The rule 

that MRSA containing SCCmec type IV causes community-associated infections is 

increasingly being violated. Many groups have reported SCCmec type IV-containing 

MRSA strains causing healthcare-associated infections [10–12]. In one hospital in 

Los Angeles, SCCmec type IV-containing MRSA is now responsible for the major-

ity of HA-MRSA infections, surpassing SCCmec types I–III in prevalence [12]. An 

epidemiologic definition of CA-MRSA is more advantageous as strains of both com-

munity- and healthcare-associated S. aureus are known to evolve over time [13].

Nevertheless, any epidemiologic classification system has limitations. For example, 

patients with exposures that would categorize their infection as healthcare-associated 

(e.g. hospitalization in the prior year), but have an MRSA infection almost certainly 

associated with an outbreak (e.g. in a prison or among football players) would incor-

rectly have their infection categorized as a HA-MRSA infection. Others have noted 

that rates of CA-MRSA versus HA-MRSA can vary dramatically depending on the 

definitions and data source used to determine community-associated status. These 

miscategorizations may distract investigators from potentially important healthcare 

sources of infection [14].
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Rapid Increase in CA-MRSA Incidence

The incidence of CA-MRSA infections and reported numbers of outbreaks has 

increased at a rapid rate during the late 1990s and the early 21st century. Retrospective 

investigations of Native Americans in rural areas of the Midwestern United States 

[15] and of hospitalized children in Chicago [16] demonstrated 15-fold and 7-fold 

increases, respectively, in the proportion of community-associated S. aureus isolates 

that were methicillin-resistant during the 1990s. In the latter study, the proportion 

of children with S. aureus infections caused by CA-MRSA more than doubled, from 

25–67%, over a 5-year period. This rise was due to a 26-fold increase in the incidence 

of MRSA in infected children with no recognized risk factors for MRSA. Similarly, a 

retrospective study from Texas found a 7-fold increase in the incidence of CA-MRSA 

infections from 1997–2000 relative to 1990–1996 [17].

In a similar time period, outbreaks of CA-MRSA infection have been increasingly 

described. Many populations of healthy persons have been affected. These popula-

tions include inmates in jails and prisons [18, 19], athletes participating in contact 

sports [18, 20], military personnel [21, 22], HIV-infected men who have sex with men 

[23, 24], and intravenous drug users [8, 25], among other populations. Outbreaks 

of CA-MRSA are being reported worldwide, including in the United States, Europe, 

Australia and Asia [26]. In many parts of the world, CA-MRSA infections are endemic 

and not associated with recognized outbreaks. Several centers have shown that MRSA 

is responsible for over 50% of community-associated S. aureus infections [27, 28].

Risk Factors, Clinical Manifestations and Transmission

Risk factors for CA-MRSA infection among the general population are incompletely 

understood. Data on CA-MRSA risk factors often come from outbreak investiga-

tions, which typically occur in relatively homogenous patient populations, such as 

inmates and athletes [28]. Studies on risk factors for endemic CA-MRSA infections 

(i.e. infections occurring in non-outbreak settings) frequently come from single cen-

ters, making findings difficult to extrapolate to other locales. That said, there are a 

few commonalities in studies of risk factors. Ethnic minorities comprise 50–90% of 

CA-MRSA patients in several case series [29–31], and lower socioeconomic status 

has been associated with increased CA-MRSA risk as well [30, 31]. In several inves-

tigations, drug use (typically via an intravenous route) is a significant risk factor for 

MRSA infection [28, 32–34]. A large study investigation conducted in 3 metropoli-

tan centers in the United Sates found that those of African-American race and those 

under 2 years of age had higher incidences of CA-MRSA infection [35]. A single-cen-

ter case-control investigation comparing detailed behaviors of those with and without 

CA-MRSA infections found that persons with CA-MRSA infection were more likely 

to report skin breaks, high risk sexual behavior, recent contact with someone with a 
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skin infection, snorting or injecting illegal drugs, recent incarceration, homelessness, 

and visiting bars, raves or clubs [33].

The vast majority (>80–90%) of CA-MRSA infections manifest as skin and soft 

tissue infections [24, 28, 29, 36]. Skin infection manifestations include abscess, 

furuncles and boils. Many patients suffer from recurrent CA-MRSA skin infections 

[37–40]. Disturbingly, CA-MRSA has caused less common but very serious invasive 

infections. These infections include necrotizing pneumonia, necrotizing fasciitis, a 

septic shock syndrome characterized by multi-organ involvement among children, 

Waterhouse-Friderichsen syndrome, purpura fulminans, myositis, deep-seated infec-

tions of bone and joints, septic thrombophlebitis with extensive pulmonary embo-

lization, and other serious syndromes [41]. Although some of these invasive disease 

syndromes had been described with methicillin-susceptible S. aureus (MSSA), many 

had not previously been reported to be associated with S. aureus and they appear 

been more frequently associated with CA-MRSA. Most of the syndromes are asso-

ciated with genes for toxins, such as pvl (see below), that are commonly found in 

CA-MRSA strains but are rare among HA-MRSA strains.

Transmission of CA-MRSA strains and infections to close contacts, including those 

in the same household, has been commonly reported. A Taiwanese study found that 

21% of household members, school classmates and schoolteachers of an adolescent 

who suffered from a serious CA-MRSA infection were colonized with CA-MRSA, 

many with the same strain as the index patient [42]. Among children attending 2 

daycare centers in Dallas, 3 and 12%, respectively, were colonized with MRSA of the 

same type (as determined by pulsed-field gel electrophoresis) as index cases hospital-

ized with CA-MRSA infection [31]. Another study showed that 16% of patients with 

CA-MRSA skin infections had a close contact with another person with a skin infection 

in the past month compared to 7% of CA-MSSA patients [28]. Finally, a prospective 

study showed that among patients with community-associated S. aureus infections, 30 

days after diagnosis, reports of new skin infection among household members was 13% 

for CA-MRSA patients but just 4% for those who had CA-MSSA, although this did not 

achieve statistical significance (p = 0.20) [43]. Because CA-MRSA infections have only 

recently emerged, the rate of transmission of CA-MRSA infections to household mem-

bers are still not well quantified. Nevertheless, it is common for investigators and clini-

cians to comment on the high rate of CA-MRSA infection among close contacts [37].

When comparing patients with CA-MRSA and CA-MSSA infections, ‘risk factors’ 

such as recent hospitalization, receipt of hemodialysis, recent incarceration, illicit drug 

use or participation in contact sports are too unreliable to distinguish MRSA infec-

tion [28]. Therefore, among patients with community-associated S. aureus infection, 

simply lacking the above MRSA risk factors is insufficient to exclude MRSA since 

many patients with the infection have none of these risks [27, 28]. Because CA-MRSA 

appears to be able infect virtually anyone, in locales where CA-MRSA is seen com-

munity-associated S. aureus infections should be suspected to be MRSA until proven 

otherwise (e.g. by standard tests performed at clinical microbiology laboratories).
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Differences between CA-MRSA and HA-MRSA

When contrasting CA-MRSA and HA-MRSA infections and strains, several differ-

ences have been noted. First, HA-MRSA isolates are typically resistant to multiple 

non-β-lactam antimicrobials. However, CA-MRSA isolates are usually susceptible 

to many non-β-lactam antibiotics, including trimethoprim-sulfamethoxazole, clin-

damycin and tetracyclines [44–46]. Second, several severe clinical syndromes have 

been associated with CA-MRSA isolates that are less well described in association 

with HA-MRSA isolates. Third, the expression of toxins in CA-MRSA isolates such 

as Panton-Valentine leukocidin (PVL), a pore-forming toxin causing lysis of sev-

eral mammalian cell lines, may be responsible for certain novel clinical features of 

CA-MRSA disease at the severe end of the clinical spectrum, although the role of 

PVL remains controversial at this time.

A survey of toxin genes known to be present in sequenced S. aureus strains has 

demonstrated important differences between CA-MRSA and HA-MRSA isolates. Six 

exotoxin genes were significantly more likely to be found among CA-MRSA strains 

and 7 were significantly more likely among HA-MRSA strains [47]. The exotoxin 

genes more commonly found in CA-MRSA isolates include lukS-PV/lukF-PV (encod-

ing PVL), sea, seb, sec, seh and sek. The role of these toxin genes and their expressed 

toxins in the pathogenesis of virulent CA-MRSA infections is not well understood.

PVL is suspected to play an important role in the virulence of CA-MRSA organ-

isms. PVL disrupts the integrity of specific cell membranes, including those of poly-

morphonuclear leukocytes and pneumocytes. The toxin is also presumed to cause 

extensive tissue damage in the lungs [48, 49]. PVL is not a newly identified virulence 

factor, but previously this gene was uncommonly found and seen in only about 1–2% 

of unselected MSSA isolates and rarely found in isolates causing bloodstream infec-

tions [47, 50, 51]. However, the pvl genes are commonly found among CA-MRSA 

isolates. Pvl is also commonly found in cases of severe CA-MRSA infection, such 

as necrotizing pneumonia and necrotizing fasciitis [52–54]. In one investigation, pvl 

presence among strains causing MRSA pneumonia was associated with higher mor-

bidity and mortality compared to strains that lacked pvl [55]. However, not all models 

have found that pvl presence is a marker for more severe disease [56].

Molecular Epidemiology of CA-MRSA

Molecular typing approaches have been used to identify and monitor the local, 

regional and international spread of S. aureus outbreak strains. Multilocus sequence 

typing (MLST) provides a uniform nomenclature for describing MRSA sequence 

types, which are assigned with reference to the MLST database (www.mlst.net) [57]. 

Pulsed-field gel electrophoresis is generally regarded as the most discriminating tech-

nique for strain identification. The most common strains of CA-MRSA include the 
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USA300 strain, which is associated with outbreaks of CA-MRSA infection in football 

players [58] and prisoners [59], and which is the endemic strain in the western United 

States [25, 60, 61]. The USA400 strain (also called the MW-2 strain) has been the 

cause of infection in the Midwestern United States [60, 62, 63], although the USA300 

strain appears to becoming increasingly common in this region. Other strains have 

been found to be epidemic or endemic in Asia, Australia and Europe [13, 52, 64–66]. 

Interestingly, analysis of older strains of S. aureus suggests that CA-MRSA strains 

have evolved from strains (the so-called 80/81 strains) that caused pandemics world-

wide in the 1950s and 1960s [13].

Staphylococcal Chromosomal Cassette-Type Element

In staphylococci, the mec A gene encodes an altered penicillin-binding protein 

(PBP2a) that reduces affinity to β-lactam antibiotics [67]. Molecular techniques, such 

as the determination of the SCC type (SCCmec), can sometimes help with distinction 

of MRSA cases that appear to be of nosocomial and community origin [61], although 

the use of molecular definitions to determine an isolate’s origin is problematic and 

can be inaccurate [12]. The SCCmec element among CA-MRSA (type IV SCCmec) 

is often distinct from the predominant types seen among most nosocomial MRSA 

isolates (types I–III SCCmec) [67]. The SSCmec element in CA-MRSA strains is 

characterized by its smaller size and lack of genetic material conferring resistance 

to antibiotics other than β-lactams (types IV and V SCCmec) [67]. SCCmec IV lacks 

antibiotic resistance genes other than the mecA gene, consistent with the CA-MRSA 

phenotype of susceptibility to most non-β-lactam antibiotics.

There is evidence that CA-MRSA strains may be more ‘fit’ than the ‘traditional’ or 

HA-MRSA isolates containing SCCmec types II/III. Compared with MSSA strains, 

isolates containing SCCmec type II/III replicate more slowly in vitro [66]. One inves-

tigation found that CA-MRSA isolates harboring SCCmec type IV replicate more rap-

idly than these traditional HA-MRSA strains and argued that CA-MRSA may have 

enhanced ecologic fitness compared with SCCmec type II/III isolates, perhaps simply 

due to a shorter doubling time [66]. Another investigation reported an increased abil-

ity for CA-MRSA isolates to avoid destruction by human neutrophils and cause end-

organ pathology in a mouse model [68].

Pathogenesis of CA-MRSA Infections

The pathogenesis of community-associated MRSA infection is incompletely under-

stood. Models of CA-MRSA transmission have been developed to help explain factors 

associated with CA-MRSA acquisition. A conceptual model of CA-MRSA trans-

mission is the ‘Five Cs’ model developed by the Centers for Disease Control and 
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Prevention (CDC) [9, 69]. This model suggests that MRSA results from a constella-

tion of risks (table 1):

• contact

• cleanliness

• compromised skin integrity

• contaminated objects, surfaces and items

• crowded living conditions.

There are data that a sixth ‘C’, exposure to antibiotic capsules (and tablets, liquids, 

etc.), also plays an important role in MRSA acquisition [58, 70].

This conceptual model provides an important framework to study and understand 

MRSA infection. It is based in part on observations from outbreak investigations of 

MRSA risk factors conducted in well-defined populations, such football players. The 

validity of this framework in endemic (i.e. non-epidemic) CA-MRSA infection is less 

certain, although empirical data have supported several of the concepts illustrated by 

the model [33].

Traditionally, nasal colonization has been believed to play an important role in the 

development of S. aureus infections. The ecologic niche for S. aureus in humans is in 

the anterior nares, from which S. aureus can be identified most consistently in humans 

[71]. Although S. aureus can also be found on the skin of the axilla, perineum, rectum 

or vagina, the nose appears to be the primary reservoir for replication and spread to 

other bodily sites. This idea is supported by studies showing that if nasal carriage of 

Table 1. The ‘Cs’ of CA-MRSA infection

Risk Examples

Contact direct skin-to-skin contact with infected or 

colonized persons

Cleanliness lack of optimal personal hygiene, bathing, soap 

use, covering wounds

Compromised skin integrity broken skin from cuts, abrasions, or dermatitis 

that allows MRSA to invade the skin

Contaminated objects, surfaces and items fomites (such as towels, clothes, benches, etc.) 

that can facilitate acquisition of MRSA

Crowded living conditions large number of people in a small space, which 

facilitates interpersonal spread of MRSA 

Antibiotic capsules (or pills, liquids, etc.) previous ingestion of an antibiotic by a patient, 

particularly ones that have activity against MSSA 

strains but not MRSA strains

Adapted from references [9, 69]
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S. aureus is temporarily eliminated by use of an intranasal antibiotic, colonization 

often disappears from simultaneously colonized body sites [72].

The likelihood that a given person is colonized does not appear to be the same 

for all individuals. Studies have suggested that individuals can usually be placed into 

3 groups with respect to S. aureus carriage: non-carriers, intermittent carriers and 

persistent carriers [71]. Approximately one quarter to one third of persons harbor 

S. aureus in the nose at any time [71]. Persons with underlying medical conditions 

such as HIV/AIDS or diabetes often have colonization rates that exceed those of the 

general population.

The association between S. aureus colonization and subsequent infection has been 

observed repeatedly [71, 73–75]. This relationship has been a long-held fundamental 

tenet in the pathogenesis of S. aureus infection. Nasal colonization with S. aureus is a 

risk factor for the development of clinical infection by the same S. aureus strain [71, 

73]. More importantly, when S. aureus colonization is eradicated, the short-term risk 

of clinical infection can sometimes be lowered [71, 74, 75].

Much of the data on S. aureus colonization and subsequent infection may have 

limited relevance for CA-MRSA disease. Older investigations of colonization and dis-

ease were largely conducted in either hospital or institutional settings, such as hospital 

wards, nursing homes or rehabilitation units [71, 74, 75]. Non-hospitalized popula-

tions studied were almost exclusively those with heavy regular contact with the medi-

cal system and its environs, such as people on dialysis or with underlying medical 

conditions [76, 77]. The few data that exist on the association between nasal MRSA 

colonization and CA-MRSA infection suggest the relationship between colonization 

and infection may be less straightforward than in those found in older studies.

Several studies illustrate the role (or lack thereof) of MRSA colonization in the 

acquisition of CA-MRSA infection. An outbreak investigation of community-associ-

ated S. aureus infections in several remote Alaskan villages found that >85% of infec-

tions were caused by MRSA [78]. Among cases, controls and household contacts of 

cases, 40% were nasally colonized with S. aureus, but the majority (67%) of S. aureus 

colonization in the community was caused by MSSA. MRSA was isolated from many 

sauna benches in these villages. Most clinical disease occurred in the buttocks or legs, 

areas in contact with saunas. Not surprisingly, sauna use was a strong risk factor for 

infection [78]. This suggests that environmental sources may have been be an impor-

tant step in the pathogenesis of infection. Alternatively, MRSA colonization may have 

had a higher ‘attack rate’ and was more likely to cause clinical infection after coloniza-

tion was established.

Another investigation, of 814 US soldiers, demonstrated that only 3% were nasally 

colonized with MRSA and 28% were MSSA colonized [79]. However, all clinical dis-

ease in which cultures could be performed in this population were caused by MRSA. 

While MRSA colonization was associated with MRSA infection, over half of the clin-

ical MRSA infections in the soldiers [7 of 11 (64%)] occurred in those who were 

(retrospectively) found to not be nasally colonized with MRSA. An investigation 
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of MRSA infections among a Connecticut football team (10 of nearly 100 players 

infected), found that nasal colonization was not detected (retrospectively) in infected 

players and colonization may have taken a backseat to MRSA acquisition from envi-

ronmental sources [80]. A cross-sectional study of S. aureus nasal colonization at 

a HIV clinic found that although the vast majority of clinical S. aureus infections 

among this population were MRSA, MRSA nasal colonization was uncommon [7 of 

158 (4%)] compared to MSSA colonization [36 of 158 (23%)] [81]. The importance 

of fomites (inanimate objects), such as contaminated towels or razor blades, in the 

pathogenesis of football outbreaks further suggests that fomites may play an impor-

tant role in CA-MRSA infections [58, 82]. In summary, pre-existing nasal or other 

body site colonization may not explain a significant amount of CA-MRSA acquisi-

tion. Prospective studies may help clarify the role of colonization in the acquisition of 

CA-MRSA infection.

Host defenses, such as qualitative neutrophil function, host cytokines, skin integ-

rity and other factors, probably play important roles that are far less understood 

compared to pathogen-related factors [83, 84]. Clearly, phagocytic activity plays an 

important role in host defenses against S. aureus, since patients with chronic granu-

lomatous disease have frequent S. aureus infections [85]. Data also indicate that type 

1 immunity (activation of phagocytic defenses) is the predominant response mecha-

nism to S. aureus infections [86, 87]. Nevertheless, the role of the host in susceptibil-

ity to S. aureus and CA-MRSA infections is extremely understudied.

Virulence Factors

Our understanding of the virulence determinants in CA-MRSA colonization and 

infection is being slowly elucidated. CA-MRSA strains often carry in their genome 

virulence genes not found universally in S. aureus strains [59, 63, 88–90]. Strains also 

differ in the classes of accessory gene regulators (agr, sar), operons that regulate viru-

lence gene expression [91, 92]. Genetic variation among S. aureus strains at the core 

and accessory gene levels has been associated with altered pathogenic potential [63, 

89]. Accessory genes encode virulence factors that are often located on mobile genetic 

elements such as phages and pathogenicity islands, which could help their horizontal 

transfer between strains [89, 93]. There is evidence that accessory genes are not dis-

tributed uniformly among strains [89, 94].

Diagnosis

When CA-MRSA infections manifest as skin or skin structure infection [24, 28, 29, 

36, 95], many patients ascribe their skin disease to a spider bite. When queried, most 

patients complaining of ‘spider bites’ admit they did not see a spider. Furthermore, 
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many ‘spider bite’ infections in the United States arise in locales that are not endemic 

for brown recluse spiders, a species that can cause lesions that appear similar to those 

of CA-MRSA [96, 97]. Hence, a history of a ‘spider bite’ should prompt a clinician 

to strongly consider MRSA infection. In terms of laboratory diagnosis, S. aureus is a 

robust organism and MRSA is typically easily identifiable with standard techniques 

used in clinical microbiology laboratories.

Treatment

Treatment of CA-MRSA infection remains somewhat controversial. Vancomycin 

has long been considered the treatment of choice for MRSA infection because, until 

recently, there were no good alternatives [44, 98]. The susceptibility of CA-MRSA 

strains to older oral antibiotics, such as clindamycin, trimethoprim-sulfamethoxazole 

(TMP-SMX) and tetracyclines, has opened the door to using these agents for the 

treatment of CA-MRSA. Many recommend these older agents for treatment, although 

their efficacy in CA-MRSA treatment is understudied [37, 46, 99].

For suppurative skin infections caused by CA-MRSA and S. aureus, incision 

and drainage is a key component of therapy. Many have emphasized that antibi-

otic therapy may not be needed in all cases of skin infection when adequate surgi-

cal drainage can be achieved. A small randomized clinical trial showed that among 

patients with limited S. aureus skin infection who underwent surgical drainage, 

cure rates among antibiotic-treated and placebo-treated groups were similar [100]. 

Other newer studies show cure rates are high (90.5%) among patients undergoing 

incision and drainage when treated with placebo [101] and similar to that of active 

therapy [102]. Nevertheless, when incision and drainage are used without antibiotics 

or when inappropriate antibiotics are prescribed, failures do sometimes occur [103, 

104]. Furthermore, the population in which antibiotics can safely be withheld has 

not been clearly defined. If antibiotics are prescribed, then empirical choices should 

be made with an awareness of the likelihood of a S. aureus infection being caused 

by MRSA. Additionally, local patterns of antibiotic susceptibility among CA-MRSA 

should be used to help direct empirical therapy against this pathogen. Susceptibility 

of CA-MRSA strains from several investigations are noted in table 2.

The glycopeptide vancomycin is the traditional treatment of choice for MRSA. 

However, it has limitations. It lacks an oral form that has systemic absorption, mak-

ing it a poor candidate to treat infections in ambulatory patients. Additionally, van-

comycin has been associated with poorer clinical responses compared to β-lactams 

for serious S. aureus infections [46]. The recent emergence of S. aureus that is resis-

tant and or only intermediately susceptible to vancomycin is also of concern, as 

heavy vancomycin use may drive the emergence of these strains and hence further 

limit the utility of this antibiotic [46]. Finally, the optimal dosing of vancomycin 

still remains to be defined. Many recommend that serious MRSA infections require 
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dosages that exceed traditional recommendations and serum trough targets should 

be 15–20 μg/ml rather than the lower targets recommended in the past [105].

In terms of older oral agents, TMP-SMX is active in vitro against most (>95%) 

CA-MRSA strains [27, 28, 35]. However, data on clinical efficacy are limited. The 

largest published trial on the use of TMP-SMX for S. aureus is a randomized clinical 

trial conducted among drug users with serious S. aureus infections, many of whom 

were bacteremic. TMP-SMX demonstrated a lower clinical cure rate for S. aureus 

infection compared with vancomycin (85 vs. 98%) [106]. TMP-SMX may be adequate 

therapy for less severe skin and soft tissue infections [37, 43, 46, 107], but suitable 

clinical trials are lacking.

Clindamycin has been used successfully to treat CA-MRSA infections [108, 109]. 

but resistance to this agent is more common than to TMP-SMX and is greater than 

10% in some areas [35]. In a Taiwanese study, resistance to clindamycin was found to 

be 93% among CA-MRSA [110]. Inducible clindamycin resistance may also be a con-

cern, although clinical data regarding the effect of clindamycin resistance on clini-

cal outcome are extremely limited. Inducible clindamycin resistance may be seen in 

Table 2. In vitro susceptibility of CA-MRSA strains to various antimicrobial agents: summary of results from 

5 investigations 

Atlanta

[35]

Baltimore

[35]

Minneapolis

[35]

Los Angeles

[28]

Oakland

[118]

Taiwan

[141]

β-lactams (penicilllins 

and cephalosporins)

0 0 0 0 0 0

Erythromycin 11 12 47 7 4 6

Ciprofloxacin 63 19 80 15 N/A N/A

Levofloxacin N/A N/A N/A 88 57 N/A

Clindamycina 87 85 88 95 97 7

Tetracyclineb 89 61 91 81 86 N/A

Trimethoprim-

sulfamethoxazole

97 83 99 100 100 91

Vancomycin 100 99 100 100 100 100

Newer agents against

Gram-positive bacteriac

100 100 N/A 100 N/A N/A

Data are percentages. N/A = Not available or not reported.
a Does not include resistance conferred by inducible resistance (see text for details).
b Some tetracycine-resistant strains are susceptible to doxycline and minocycline.
c Including linezolid, quinopristin/dalfopristin and daptomycin. Not all strains were tested against all 3 antibiotics.
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MRSA isolates reported as clindamycin-susceptible but erythromycin-resistant. Some 

(but not all) of these isolates can develop resistance when exposed to lincosamides 

(such as clindamycin), macrolides (such as erythromycin) and streptogramins (such 

as quinopristin/dalfopristin). This inducible resistance can be detected via the use of 

the D-test, which when positive is considered to be diagnostic for inducible resistance 

[111], although the clinical significance of this finding is debatable, especially for less 

severe infections [108]. The ability of clindamycin to inhibit pvl expression is a theo-

retic advantage of this clindamycin [112], although the clinical benefit of this inhibi-

tion is not well delineated in the treatment of CA-MRSA.

Several tetracyclines are active against MRSA. In order of increasing in vitro 

activity, they include tetracycline, doxycycline and minocycline [113]. Some tetra-

cycline-resistant strains are susceptible to doxycycline and minocycline [113]. Some 

doxycycline and minocycline susceptible isolates carry inducible efflux genes against 

tetracyclines, which may limit their clinical efficacy [114, 115]. Nevertheless, doxycy-

cline and minocycline have been successfully used to treat MRSA infections in small 

case series [116]. Tigecyline is a newer minocycline derivative with good and reliable 

activity against MRSA [117]. There is limited experience with this agent in treatment 

against CA-MRSA strains. Its relatively high cost compared to older tetracyclines and 

lack of an oral formulation limit its utility for treatment of CA-MRSA infection.

Fluoroquinolones are not reliably active against CA-MRSA strains. In many locales, 

insusceptibility to fluoroquinolones among CA-MRSA has approached or exceeded 

50% [28, 35, 118]. Thus, these agents are probably not useful unless the organism is 

known to be susceptible to earlier generation fluoroquinolones, including ciprofloxa-

cin (susceptibility to ciprofloxacin indicates that low level or partial fluoroquinolone 

resistance is probably not present). Among commercially available agents, moxifloxa-

cin and gemifloxacin have the best in vitro activity against S. aureus, but clinical data 

on the use of these agents for the treatment of CA-MRSA infection are few. Anecdotal 

evidence is not promising [119].

Several relatively new antimicrobials may also have limited roles in the treatment 

of CA-MRSA. The limitation of the newer antibiotics is that they are much more 

expensive than older oral agents. Additionally, heavy use of newer agents is likely to 

be associated with the emergence of strains resistant to the newer agents and their 

new antibiotic classes. Linezolid, an oxazolidinone antibiotic, comes in oral and intra-

venous formulation. Like clindamycin, linezolid inhibits the production of the pur-

ported MRSA virulence factor, PVL [112]. Linezolid is effective in the treatment of 

skin infections, pneumonia and other syndromes associated with CA-MRSA [120]. 

A retrospective subgroup analyses of patients from clinical trials with healthcare-

associated MRSA and ventilator-associated pneumonia, linezolid has been found to 

be associated with higher cure rates and lower mortality compared with vancomy-

cin [121, 122]. These analyses have been criticized for their retrospective methods 

and use of subgroup analyses. Thus, caution has been expressed about the risk of 

over-interpreting these findings [123]. Because the mechanism of action of linezolid 
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is bacteriostatic against S. aureus, linezolid may not be an appropriate choice when 

other options exist for infections where bacteriostatic activity may be critical, such as 

endocarditis [46, 124].

Quinupristin/dalfopristin is another newer agent with activity against MRSA, but 

its use has been limited due to concerns over efficacy, poorer activity in the presence 

of constitutive expression of macrolide-lincosamide-streptogramin resistance found 

in some MRSA strains, and its requirement to be given intravenously via a central line 

(to decrease infusion-related adverse events) [46, 125, 126].

Daptomycin is a lipopeptide with bactericidal activity against S. aureus and has 

been approved for treatment of complicated skin and soft tissue infections caused 

by susceptible Gram-positive pathogens [46, 127]. The agent has impressive in vitro 

activity against high inoculums of S. aureus [128], although the clinical advantage of 

this activity is not well delineated. Daptomycin should not be used in the treatment 

of pneumonia, as pulmonary surfactant inactivates this agent and it has been found 

to be inferior to comparators in clinical investigations of pneumonia [129]. However, 

daptomycin is efficacious in the treatment of bloodstream infections and right-sided 

endocarditis caused by S. aureus [130].

There is some evidence that rifampin may provide additional benefit to standard 

therapy in the treatment of S. aureus, but the data are inconsistent and rifampin is 

associated with many drug interactions [131]. Thus, its use for less severe infections 

is probably unwarranted and rifampin should never be used as a sole agent [99]. 

Emerging therapies include glycopeptides with longer half lives, such as dalbavancin, 

oritovancin, and telavancin [132–134]. Cephalosporins and carbapenems with activ-

ity against MRSA are also in development [133, 135, 136]. Even if these drugs are 

approved for use, their role in the treatment of MRSA and CA-MRSA remains to be 

defined.

So, how is one to make sense of this confusing array of choices for the treatment 

of suspected or diagnosed CA-MRSA infection? The answer is not straightforward, 

but several clinically relevant truisms should be emphasized. First, MRSA should be 

considered in the differential diagnosis of any skin infection that is compatible with S. 

aureus infections, such as skin abscesses [99]. MRSA should also be considered when 

other syndromes compatible with S. aureus infection are present, such as sepsis syn-

drome, osteomyelitis, septic arthritis and severe pneumonia or pneumonia following 

an influenza-like illness, as well as new manifestations of CA-MRSA described above 

[99]. Second, for skin infections, incision and drainage remains the cornerstone of 

therapy. Antimicrobial therapy is critical, although it may be deferred in selected 

patients who successfully undergo incision and drainage, have very limited disease, do 

not have infections in body parts where poorly controlled infections have a potential 

to cause serious sequalae (e.g. hands, feet, face), and are not immunocompromised or 

at the extremes of age [99]. Specific criteria to withhold antibiotic therapy are not well 

defined [103]. Third, because antibiotic susceptibility cannot be predicted with 100% 

reliability, it is prudent to culture all patients with abscesses or purulent skin lesions 
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[99]. Fourth, for less severe infections that can be treated on an outpatient basis, older 

generic antibiotics, such as clindamycin, TMP-SMX, or a long-acting tetracycline 

(e.g. doxycycline or minocycline) are reasonable therapeutic approaches. For more 

severe infections, vancomycin, linezolid or daptomycin are warranted until MRSA 

susceptibilities are known and the patient has improved, although the limitations of 

each of these antibiotics in the treatment of certain syndromes should be well under-

stood. Rifampin might have an adjunctive role in the treatment of severely ill patients. 

Most importantly, whichever agent is chosen, follow-up of MRSA susceptibilities is 

critical, and if the patient is infected by an organism resistant to the prescribed anti-

biotic, therapy needs to be reconsidered. Finally, empirical therapy against suspected 

community-associated S. aureus and MRSA infections should be based on knowledge 

of local susceptibility patterns of MRSA strains.

Prevention

Because of the large number of recurrent CA-MRSA infections and back-and-forth 

transmission of CA-MRSA infections among household members, clinicians are 

often pressed to prevent infections by eradicating MRSA body colonization [37]. 

A CDC report concluded that there remains insufficient evidence to warrant rec-

ommendation of routine decolonization of MRSA among patients with a single or 

recurrent CA-MRSA infections because there are no data evaluating this approach 

[99]. Despite the lack of data on the association between MRSA colonization and 

CA-MRSA infection, many authorities suggest considering use of a decolonization 

regimen as a means to prevent recurrent MRSA infection in selected situations [37, 

137, 138]. Regimens include topical nasal antibiotics (such as mupirocin) to eradicate 

nasal colonization and/or body washes with agents such as chlorhexidine, hexachlo-

rophene and dilute bleach solutions, to eradicate skin colonization. These recommen-

dations exist because management of recurrent CA-MRSA infections is challenging, 

and patients and providers are often desperate and willing to try unproven methods 

to prevent future disease.

Although in health care facilities, guidelines for patients with MRSA infection 

or colonization exist (i.e. patients are placed under contact precautions, with visi-

tors having to wear single-use gowns and gloves when entering the room) [6, 139], 

those for prevention of MRSA transmission among outpatients are relatively unde-

veloped. Clearly, any open wound needs to be covered with dressings and persons 

who come in contact with drainage from infected persons need to wash their hands 

carefully [99]. Guidelines for the prevention of CA-MRSA infection among members 

of competitive sports teams have been developed and recommend that athletes and 

others in close contact with each other should avoid sharing equipment and towels 

[140]. Additionally, common surfaces such as benches that could become contami-

nated with MRSA or MSSA should be carefully cleaned on a regular basis [140]. 
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Abstract
Extended-spectrum β-lactamases (ESBL) are enzymes produced by a variety of Gram-negative bacilli, 

which confer reduced susceptibility to third-generation cephalosporins and aztreonam. Resistance 

to other antibiotic classes (such as aminoglycosides or fluoroquinolones) is also frequently observed 

in ESBL-producing organisms. Outbreaks of hospital-acquired infection with ESBL-producing organ-

isms were recognized more than 20 years ago. Acquisition in nursing homes and other health care 

facilities was also noted. In more recent times, community-onset infections, sometimes in patients 

without health care contact, have been widely observed. The origins of community-acquired infec-

tion with ESBL-producing organisms is an area deserving much future study.

Copyright © 2010 S. Karger AG, Basel

Introduction

The discovery and subsequent development of penicillin represented a huge step for-

ward in medicine. The development of other β-lactam antibiotics over the last 60 

years has enabled physicians to treat a broad range of bacterial infections. However, 

the bacteria causing these infections have developed a prolific array of β-lactamases, 

enzymes which can lead to hydrolysis of the β-lactam ring, and therefore inactiva-

tion of the antibiotics. β-lactamases that inactivate penicillin were first described by 

Abraham in the 1940s. In the 1960s ampicillin was introduced into clinical practice. 

Within months after its release, a plasmid-mediated β-lactamase conferring resistance 

in Escherichia coli was discovered. This β-lactamase was coined the TEM β-lactamase. 

Klebsiella pneumoniae was found to be consistently ampicillin resistant. The mecha-

nism was a chromosomally encoded β-lactamase, termed SHV.

The third-generation cephalosporins were introduced into clinical practice in the 

early 1980s. Shortly after their release, β-lactamases were discovered which could 

hydrolyze and inactivate these antibiotics. The genes encoding these β-lactamases 
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were identical to TEM or SHV except for point mutations which led to an altered 

amino acid sequence. The subsequent structural change led to an ability to hydro-

lyze third-generation cephalosporins. In view of the extended spectrum of anti-

biotic-hydrolyzing abilities compared to the parent TEM and SHV enzymes, these 

β-lactamases were coined extended-spectrum β-lactamases (ESBLs). In addition to 

the TEM and SHV type ESBLs, many new types of ESBLs have now been described, 

most notably the CTX-M type ESBLs.

The ESBLs can be defined as β-lactamases capable of conferring bacterial resis-

tance to the penicillins, first-, second- and third-generation cephalosporins and 

aztreonam (but not the cephamycins or carbapenems) by hydrolysis of these anti-

biotics, and which are inhibited by β-lactamase inhibitors such as clavulanic acid. 

By the classification scheme of Ambler, the ESBLs are class A enzymes [like the 

narrower spectrum TEM and SHV enzymes and the broader spectrum K. pneu-

moniae carbapenemase (KPC) enzymes]. The alternative classification scheme of 

Bush-Jacoby-Medeiros denotes ESBLs as group 2be [1]. The ESBLs are quite dis-

tinct from the AmpC β-lactamases and metallo-β-lactamases (MBLs) which also 

hydrolyze third-generation cephalosporins (table 1). The AmpC β-lactamases are 

differentiated from ESBLs by their ability to hydrolyze cephamycins. The MBLs 

hydrolyze carbapenems, an antibiotic class not susceptible to ESBL-mediated 

hydrolysis.

Host Range and Prevalence of ESBLs

ESBLs are most frequently found in K. pneumoniae. ESBL-producing K. pneumoniae 

are typically hospital acquired. Hospital-acquired ESBL-producing K. pneumoniae 

have spread throughout much of the world, with highest incidences in Latin America, 

Asia, Turkey and parts of Eastern Europe. In a report from the National Nosocomial 

Infections Surveillance network of hospitals, 20.6% of K. pneumoniae isolates from 

patients in intensive care units in the United States were probable ESBL producers. 

There was a 47% increase in the proportion of K. pneumoniae isolates which were 

Table 1. β-lactamases which inactivate third-generation cephalosporins

β-lactamase Ability to hydrolyze

cephamycins cefepime carbapenems

ESBLs – + –

KPC + + ++

AmpC ++ – –

MBLs ++ ++ +



Infections with Organisms Producing Extended-Spectrum β-Lactamase 23

probable ESBL producers in 2003, compared to 1997–2002. Klebsiella oxytoca may 

also produce ESBLs, although the prevalence of ESBL production by this species in the 

United States is not known. ESBL-producing Enterobacter cloacae are also commonly 

hospital acquired. Unfortunately, laboratory detection of ESBL production by E. cloa-

cae is difficult (because of the interference of the chromosomal AmpC β-lactamase in 

the interpretation of detection tests for ESBLs). However, hospitals which have used 

genetic methods for ESBL detection have found ESBLs in up to one third of E. cloacae 

isolates.

In contrast to the situation with K. pneumoniae and E. cloacae, many ESBL-

producing E. coli are community acquired [2–9]. Typically, patients with community-

acquired ESBL producing E. coli have urinary tract infection, and have infection with 

the CTX-M type of ESBLs. Some of these urinary tract infections have been associ-

ated with bacteremia. Many of these isolates are resistant to commonly used first-line 

agents for urinary tract infection such as trimethoprim/sulfamethoxazole and cip-

rofloxacin. Many reports of community-acquired ESBL-producing E. coli have been 

from Canada and Europe. In Seville (Spain), Rodriguez-Bano et al. [4] performed 

a case-control study examining risk factors for ESBL-producing E. coli infections 

in non-hospitalized patients and found that diabetes mellitus, prior quinolone use, 

recurrent urinary tract infections, prior hospital admissions and older age were inde-

pendent risk factors. Pitout et al. [5], in Calgary (Canada), showed that 22.0 cases of 

ESBL-producing E. coli infection occurred per year per 100,000 population greater 

than 65 years of age. The cause for this sudden upsurge in community-acquired infec-

tions with ESBL-producing E. coli is not yet clear.

Thus far in the United States, ESBL-producing E. coli tend to be health care asso-

ciated rather than community acquired. Nursing homes may be particularly impor-

tant as sources of ESBL-producing E. coli in the United States. In a point prevalence 

study on the skilled care floor of a Chicago nursing home, 46% of residents were 

colonized with ESBL-producing organisms (all E. coli) [10]. These patients had 

been in the nursing home, without intercurrent hospitalization, for a mean of more 

than 6 months. Patients from this nursing home, as well as 7 other nursing homes, 

served as a reservoir for introduction of ESBL-producing organisms into an acute-

care hospital [10].

A variety of other organisms have been found to produce ESBLs. Several com-

munity-acquired pathogens that commonly cause diarrhea have been found to be 

ESBL producers, most notably Salmonella [11–19]. Organisms such as Proteus mira-

bilis and Serratia marcescens may also produce ESBLs, although the prevalence of 

ESBL production by these species in the United States is not known. Pseudomonas 

aeruginosa, Acinetobacter baumannii and Stenotrophomonas maltophilia are fre-

quently resistant to third-generation cephalosporins, but this resistance is usually 

caused by derepressed production of AmpC β-lactamase rather than production of 

ESBLs.
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Risk Factors for Colonization and Infection with Hospital-Acquired ESBL Producers

Numerous studies have assessed risk factors for hospital-acquired colonization and 

infection with ESBL producing organisms [10, 20–31]. In general, patients at high 

risk for developing colonization or infection with ESBL-producing organisms are 

seriously ill patients with prolonged duration of hospital stay and in whom invasive 

medical devices are present (urinary catheters, endotracheal tubes, central venous 

lines). The median length of hospital stay prior to isolation of an ESBL-producing 

organism ranges from 11 to 67 days [10, 20, 21, 26, 27, 30, 32]. In addition to those 

already mentioned, a myriad of other risk factors have been found in individual stud-

ies, including presence of nasogastric tubes [20], gastrostomy or jejunostomy tubes 

[10, 25] and arterial lines [22, 23], administration of total parenteral nutrition [23], 

recent surgery [33], hemodialysis [26], decubitus ulcers [10] and poor nutritional 

 status [29].

Antibiotic use is also a risk factor for acquisition of an ESBL-producing organism 

[23, 27, 28]. Several case-control studies have found a relationship between third-

generation cephalosporin use and acquisition of an ESBL-producing strain [20, 25, 

27, 28, 31, 34–40]. This is logical since organisms such as ESBL producers that are 

resistant to third-generation cephalosporin are likely to be selected out by use of these 

antibiotics. Other case-control studies have not shown an association [10, 21, 23]. 

A tight correlation has existed between ceftazidime use in individual wards within 

a hospital and prevalence of ceftazidime-resistant strains in those wards [41]. In a 

survey of 15 different hospitals, an association existed between cephalosporin and 

aztreonam usage at each hospital and the isolation rate of ESBL-producing organisms 

at each hospital [42, 43].

Use of a variety of other antibiotic classes has been found to be associated with 

subsequent infections due to ESBL-producing organisms. These include quinolo-

nes [10, 21, 27], trimethoprim-sulfamethoxazole [10, 21, 27], aminoglycosides [20, 

27] and metronidazole [27]. Conversely, prior use of β-lactam/β-lactamase inhibitor 

combinations, penicillins or carbapenems seems not to be associated with subsequent 

infections with ESBL-producing organisms.

Risk Factors for Colonization and Infection with Health Care-Associated ESBL 

Producers

Within nursing homes, antibiotic use is a risk factor for colonization with ESBL-

producing organisms. Antibiotic use is frequent in nursing homes; in one recent 

study, 38% of nursing home residents had taken a systemic antibiotic in the last month 

[44]. Use of third-generation cephalosporins has been identified as a predisposing 

event in some [45], but not all studies [10]. In contrast to the situation in acute-care 

hospitals, use of orally administered antibiotics (ciprofloxacin and/or trimethoprim/



Infections with Organisms Producing Extended-Spectrum β-Lactamase 25

sulfamethoxazole) may also be a risk for colonization with an ESBL-producing strain 

[10]. Nursing home residents would appear to have several additional risk factors 

for infection with ESBL-producing organisms: (1) they are prone to exposure to the 

microbial flora of other residents, especially if they are incontinent and require fre-

quent contact with health care providers; (2) low rates of hand washing have been 

well documented among nursing home personnel [46]; (3) urinary catheterization 

and decubitus ulcers are frequent among residents [44] and have been associated 

with colonization of non-ESBL-producing, antibiotic-resistant Gram-negative bacilli 

[47, 48].

Infection Control and ESBL-Producing Organisms

Present evidence suggests that transient carriage on the hands of health care workers 

is the most important means of transfer of ESBL-producing organisms from patient 

to patient. Hand carriage has been documented by most [49–51], but not all investi-

gators [52, 53], who have examined it. In these instances, the hand isolates were geno-

typically identical to isolates which caused infection in patients. The hands of health 

care workers are presumably colonized by contact with the skin of patients whose skin 

has already been colonized by organism [54]. Recognizing that many patients may 

have asymptomatic colonization with ESBL-producing organisms without signs of 

overt infection is important. These patients represent a significant reservoir of organ-

isms. For every patient with clinically significant infection with an ESBL-producing 

organism, at least 1 other patient exists in the same unit with gastrointestinal tract 

colonization with an ESBL producer [22, 55]. In some intensive care and transplan-

tation units, 30–70% of patients have gastrointestinal tract colonization with ESBL 

producers at any one time [23, 56, 57].

Hand carriage by health care workers is usually eliminated by hand hygiene with 

chlorhexidine or alcohol-based antiseptics. Several studies have documented that 

introduction of contact isolation precautions can lead to reduction in horizontal spread 

of ESBL-producing organisms. However, compliance with these precautions needs to 

be high in order to ensure the effectiveness of these precautions. Furthermore, we 

recommend that, in outbreak situations, patients who have gastrointestinal tract colo-

nization as well as those with frank infection should undergo contact isolation (table 

2). Gastrointestinal tract colonization can be detected by using media supplemented 

with cefotaxime or other third-generation cephalosporins.

Standard methods of hand hygiene, screening for colonization and patient isola-

tion may not always be effective in controlling outbreaks of ESBL-producing organ-

isms [58]. Changes in antibiotic policy may play an important role in this setting 

[59]. Indeed in one highly publicized outbreak, no effort was made to change infec-

tion control procedures [41]. Instead, at this hospital, ceftazidime use decreased and 

piperacillin-tazobactam was introduced in the formulary. In another institution, 
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Rahal et al. [60] were forced to withdraw cephalosporins as an entire class in order 

to exact control over endemic ESBL producers. Some authors have suggested that 

use of β-lactam/β-lactamase inhibitor combinations, rather than cephalosporins, as 

the first-line empiric therapy for infections suspected as being due to Gram-negative 

bacilli, may facilitate control of ESBL producers [24, 41, 61]. The mechanism by which 

these drugs may reduce infections with ESBL producers is not certain. However, 

many organisms now produce multiple β-lactamases [14, 62–64], which may reduce 

the effectiveness of β-lactam/β-lactamase inhibitor combinations in preventing out-

breaks of ESBL producers.

Because gastrointestinal tract colonization with ESBL producers is an important 

source of the organisms, a number of groups have previously attempted selective 

digestive decontamination as a means of decolonizing patients. Selective digestive 

decontamination has been successfully performed using regimens comprising poly-

myxin, neomycin and nalidixic acid [65], colistin and tobramycin [66] or norfloxacin 

[67]. However, in many hospitals the majority of ESBL-producing strains are resistant 

to quinolones or aminoglycosides, which greatly reduces the likelihood that digestive 

tract decontamination would work. In one institution in which nasotracheal coloni-

zation with ESBL-producing organisms was frequent, upper airway decolonization 

led to management of an outbreak [68]. In general, we do not recommend that ‘decol-

onization’ regimens be used given the increasing resistance observed to quinolones 

and aminoglycosides.

An environmental focus of ESBL-producing organisms has occasionally been dis-

covered to be the cause of an outbreak of ESBL producers. When they are recognized 

and removed or properly disinfected, their impact on arresting an outbreak of infec-

tion with a multiresistant organism can be dramatic. Several examples of such an inter-

vention have been described in the context of controlling outbreaks of infection with 

ESBL-producing organisms. Gaillot et al. [69] found that gel used for ultrasonography 

was contaminated with ESBL-producing organisms. Replacement of this gel quickly 

Table 2. Recommendations for the control of ESBL-producing organisms

1. Perform rectal swabs plated on selective media to delineate patients colonized with ESBL 

producers

2. Perform molecular epidemiologic assessment of isolated strains to determine relatedness of 

the ESBL-producing organisms

3. If molecular epidemiologic assessment shows multiple related strains:

(a) evaluate for the presence of a common environmental source of infection

(b) emphasize hand hygiene

(c) introduce contact isolation for those patients found to be colonized or infected

4. Reduce use of third-generation cephalosporins
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curtailed the outbreak. Branger et al. [70] found that a poorly maintained broncho-

scope was colonized with ESBL-producing organisms and could be linked to respira-

tory tract infections with the same strain. Bureau-Chalot et al. [71] identified blood 

pressure cuffs as a potential reservoir for an outbreak of ESBL-producing A. baumannii. 

Repair and proper maintenance of the bronchoscope stopped nosocomial transmission 

of the organism. Finally, Rogues et al. [72] found colonization of 4 of 12 glass mercury 

thermometers with ESBL-producing K. pneumniae and axillary colonization with the 

same strain in 2 patients. Disinfection of the thermometers curtailed the outbreak.

Laboratory Detection of ESBL Production by Gram-Negative Bacilli

Concern over ESBL detection by clinical microbiology laboratories originated because 

some ESBL-producing organisms appeared ‘susceptible’ to cephalosporins using con-

ventional breakpoints [susceptibility indicated by a cephalosporin minimum inhibi-

tory concentration (MIC) of 8 μg/ml or lower], allowing the potential for discordant 

or inappropriate treatment with an ineffective antimicrobial drug. In a review of 

studies which have evaluated collections of ESBL-producing organisms using stan-

dard Clinical and Laboratory Standards Institute disk diffusion or MIC breakpoints, 

13–49% of isolates were found to be cefotaxime ‘susceptible’, 36–79% ceftriaxone 

‘susceptible’, 11–52% ceftazidime ‘susceptible’ and 10–67% aztreonam ‘susceptible’. 

Approximately 40% tested ‘susceptible’ to at least 1 oxyimino β-lactam and 20% to all 

oxyimino β-lactams [73–79].

The failure rate when cephalosporins are inappropriately used for serious infections 

(bacteremia, hospital-acquired pneumonia, peritonitis) with ESBL-producing organ-

isms is substantial, and exceeds that for organisms that do not produce ESBL. Therefore, 

the recommendation of the CLSI is that ESBL-producing Klebsiellae and E. coli should 

be reported as resistant to aztreonam and all cephalosporins (including cefepime, but 

with the exception of the cephamycins which are not hydrolyzed by ESBLs). In clini-

cal practice using disk diffusion or MIC testing, screening tests are performed in order 

to evaluate the presence of organisms likely to harbor ESBLs. Organisms meeting the 

screening criteria then undergo phenotypic confirmatory testing. Phenotypic con-

firmation of the presence of ESBLs depends on the ability to show zone diameter or 

MIC differences when clavulanate is added to test cephalosporins (typically cefotaxime 

and ceftazidime). Most semi-automated testing methods (e.g. Vitek, Microscan and 

Phoenix) now have phenotypic confirmatory tests for ESBL detection.

When clinical outcome data is closely reviewed it appears that there are differ-

ences in outcome of cephalosporin treatment of ESBL producers depending on the 

MIC of the cephalosporin used in treatment. Specifically, the failure rate of cepha-

losporins exceeds 90% when the MIC of the antibiotic used in treatment is 4–8 

μg/ml [37, 73, 80]. In contrast, the failure rate when MICs for the treating cepha-

losporin were ≤2 μg/ml is substantially lower [37, 73, 80]. This data is consistent with 
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pharmacodynamic models predicting impaired outcome when conventional doses of 

cephalosporins are used for therapy of organisms with MICs close to the breakpoint 

of 8 μg/ml, but still lying within the susceptible range. The European Committee 

for Antimicrobial Susceptibility Testing (EUCAST) has recognized this and altered 

breakpoints for cephalosporins against Enterobacteriaceae. EUCAST continues to 

recommend ESBL detection by clinical microbiology laboratories, given the impor-

tant infection control/epidemiologic impact of ESBL-producing organisms.

Treatment of Infection with ESBL-Producing Organisms

In vitro, the carbapenems (including imipenem, meropenem, doripenem and ertap-

enem) have the most consistent activity against ESBL-producing organisms because 

of their stability to hydrolysis by ESBLs. Carbapenems should be regarded as the 

drugs of choice for serious infections with ESBL-producing organisms (table 3), on 

the basis of increasingly extensive positive clinical experience [31, 34, 73, 81–89]. In a 

sub-group analysis of patients in a randomized trial of cefepime versus imipenem for 

nosocomial pneumonia, clinical response for infections with ESBL-producing organ-

isms was seen in 100% (10/10) patients treated with imipenem but only 69% (9/13) 

patients treated with cefepime [89]. Prospective, observational studies have shown a 

significantly lower mortality from carbapenem-treated bloodstream infections due 

to ESBL-producing K. pneumoniae, compared to other antibiotic classes. Although 

synergy has occasionally been exhibited between carbapenems and other antibiotic 

classes [90, 91], there is no evidence that combination therapy involving a carbap-

enem is superior to use of a carbapenem alone [34, 88].

The choice between the different carbapenems for serious infections with ESBL 

producers is difficult. Published clinical experience is greatest with imipenem and 

Table 3. Recommendations for management of ESBL-producing organisms

1. Assess whether the patient is truly infected or is merely colonized

2. If colonized, no therapy is indicated (infection control interventions may be relevant)

3. If infected, carbapenems are the therapy of choice:

(a)  meropenem or imipenem for initial therapy of bloodstream infections, hospital-acquired 

pneumonia or intra-abdominal infections

(b)  ertapenem for complicated urinary tract infections, for infections managed within nursing 

homes, streamlined hospital therapy and parenteral outpatient therapy

4. For infected patients unable to tolerate carbapenems due to allergy or other contraindication, 

options include tigecycline, colistin, polymyxin B and ciprofloxacin, although each has 

limitations (see text)
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meropenem. In general, MICs are slightly lower for meropenem and doripenem than 

for imipenem and ertapenem, although the clinical significance of this in vitro supe-

riority is not yet clear. Ertapenem shares the good in vitro activity of the other carbap-

enems, although resistance rates are slightly higher than with the other carbapenems 

[92]. The ability to use ertapenem once daily makes it potentially useful in serious 

infections with ESBL producers in nursing home residents or patients continuing 

parenteral therapy out of hospital.

The advent of carbapenem hydrolyzing β-lactamases such as those of the KPC 

type and the MBLs (e.g. IMP, VIM, SPM) threatens the future utility of the carbap-

enems. Tigecycline is active against most ESBL-producing strains and is stable to the 

effects of carbapenem-hydrolyzing β-lactamases, but caution needs to be exercised 

when using this antibiotic for bloodstream and urinary tract infections given the low 

drug concentrations at these sites. Colistin and polymyxin B also have good in vitro 

activity against most ESBL-, KPC- or MBL-producing strains but dosing regimens 

are not well-established for these antibiotics, especially in critically ill individuals 

with renal failure. Thus far, clinical experience with tigecycline, colistin or polymyxin 

B for the treatment of ESBL producers is extremely limited. Fluoroquinolones are 

obviously not affected by β-lactamases, but co-existence of resistance mechanisms 

affecting the quinolones and ESBLs are frequent. Three observational clinical studies 

have assessed the relative merits of quinolones and carbapenems for serious infec-

tions due to ESBL-producing organisms [85, 86, 88]. Two of these studies found that 

carbapenems were superior to quinolones [86, 88], whereas one of the studies found 

that they were equivalent in effectiveness [85]. It is possible that suboptimal dos-

ing of quinolones in the presence of strains with elevated quinolone minimal inhibi-

tory concentrations (yet remaining in the ‘susceptible’ range) may account for these 

differences.

Conclusions

ESBL-producing organisms are a premier example of the growing threat of resistance 

in Gram-negative bacilli. In many parts of the world, rates of infection with ESBLs are 

growing. Yet, at the same time, therapy for ESBL-producing organisms is being com-

promised by other emerging resistance mechanisms in Gram-negative bacteria. This 

underscores several important implications for the future. Firstly, there is a need for 

clinical microbiology laboratories to be able to detect these resistance mechanisms. 

Secondly, there is a need for studies to determine the optimal means of controlling 

the spread of ESBL producers. Finally, there is a growing need for drug discovery 

efforts so that new options for treatment of ESBL producers and other multiply resis-

tant Gram-negative bacilli.
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Abstract
The fluoroquinolones are an effective and widely used group of antimicrobials in community- and 

healthcare-associated infections, including those caused by Salmonella enterica, Campylobacter spp., 

Escherichia coli, Klebsiella spp., Pseudomonas aeruginosa, Neisseria gonorrhoeae and Streptococcus 

pneumoniae. Decreased susceptibility and full resistance to fluoroquinolones has emerged in each 

of these pathogens, causing treatment failures. The widespread use of fluoroquinolones in humans 

and in animal husbandry has been an important driver of resistance. Clonal spread, in hospitals and 

the community, aided by the international movement of humans and transport of food, has led to 

the worldwide dissemination of resistant strains. A reassessment of fluoroquinolone breakpoints to 

detect first-step resistant mechanisms, attention to dose regimens and adherence to appropriate 

use in humans and in animal husbandry is essential if this valuable group of antimicrobials are to 

remain useful. Copyright © 2010 S. Karger AG, Basel

The fluoroquinolones have proved to be a successful and widely used group of anti-

microbials over the last 20 years. In 2002 they were the most commonly prescribed 

antimicrobial to adults in the United States, accounting for 24% of antimicrobial pre-

scribing [1]. This pattern is of usage is mirrored in many other countries, including 

developing nations [2]. Unfortunately, resistance has emerged in a variety of bacteria 

and clinical failure of treatment in individual patients has been the result. Rates of 

resistance vary by organism and geographical region, and in some instances resistance 

threatens to curtail the future effectiveness of these agents. Understanding the driv-

ers of resistance is important so that measures can be taken to retain the use of these 

antimicrobials. This topic will be reviewed with particular attention to Salmonella 

enterica, Campylobacter spp. and other Gram-negative bacilli, as well as Neisseria gon-

orrhoeae and Streptococcus pneumoniae.

The original quinolone antibacterial, nalidixic acid, was discovered in the early 

1960s and had a narrow spectrum of activity [3]. Addition of a fluorine atom at the 
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C-6 position and piperanzinyl or related ring at position C-7 of the quinolone mol-

ecule resulted in the fluoroquinolone group with broader activity, and these became 

available in the 1980s (table 1). Second-generation quinolones had high in vitro activ-

ity against Gram-negative bacteria, favorable pharmacokinetics that allowed oral 

administration and relative affordability. They were effective in treating a wide variety 

of Gram-negative infections, including gastrointestinal infections due to S. enterica 

and Campylobacter spp., urinary infections, hospital-acquired pneumonia and inva-

sive infections due to Escherichia coli, Klebsiella spp. and Pseudomonas aeruginosa, 

and sexually transmitted infections, particularly N. gonorrhoeae. A lack of activity 

against Gram-positive bacteria, such as S. pneumoniae, and against anaerobes led to 

further modifications of the quinolone nucleus and the development of the newer 

extended spectrum third- and fourth-generation quinolones, including gatifloxacin 

and moxifloxacin. Later generation fluoroquinolones were licensed for treating lower 

respiratory tract infections that were unresponsive to first-line antimicrobials, and 

they are being evaluated for the treatment of tuberculosis. The most commonly used 

fluoroquinolones in humans are ciprofloxacin, levofloxacin, gatifloxacin and moxi-

floxacin [3].

Table 1. A classification of fluoroquinolones for use in humans 

Quinolone Current usage

First Generation

Nalidixic acid limited

Second Generation

Norfloxacin

Ciprofloxacin

Ofloxacin

Enoxacin

Fleroxacin

Pefloxacin

Lomefloxacin

limited

widespread

limited

limited

limited

limited

limited

Third generation

Levofloxacin

Gatifloxacin

Grepafloxacin

Sparfloxacin

Temafloxacin

widespread

widespread in certain countries

withdrawn

withdrawn

withdrawn

Fourth generation

Moxifloxacin

Gemifloxacin

Trovafloxacin

widespread

limited

withdrawn
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Mechanisms of Resistance

Fluoroquinolones are rapidly bactericidal and associated with a prolonged post-antibi-

otic effect. The principal mechanism of action for the fluoroquinolones is inhibition of 

the bacterial DNA gyrase, resulting in the disruption of DNA replication and cell death 

[3]. The targeted enzymes, DNA gyrase (topoisomerase II) and DNA topoisomerase 

IV cooperate in the processes of DNA replication, transcription, recombination and 

repair. Single point mutations leading to amino acid changes in the topisomerase 

enzymes can lead to a decreased affinity of the fluoroquinolones for their target, and 

this is the commonest mechanism by which resistance is acquired. In Gram-negative 

bacteria the principal target is the DNA gyrase, in particular gyrA, and first-step muta-

tions confer resistance to nalidixic acid and give a ciprofloxacin minimum inhibitory 

concentration (MIC) for most Enterobacteriacae of 0.125–1.0 mg/1, compared to the 

wild type MIC ≤0.03mg/1. Further mutations in gyrA, parC, to a lesser extent in parE 

and rarely in gyrB, move the MIC into the non-susceptible range with MICs ≥2.0 μg/

ml [4]. In Gram-positive bacteria the first-step mutantions typically occur in topoi-

somerase IV, particularly parC, with subsequent mutations in gyrA and parE [5].

Altered access of the drugs to the target is a second mechanism of quinolone resis-

tance [4–6]. The combination of alteration in drug entry and mutations in the topoi-

somerase enzymes can result in full fluoroquinolone resistance with MICs ≥4 μg/ml 

[7]. Resistance to quinolones can also be mediated by qnrA, qnrB and qnrS genes, 

which are carried on transferable plasmids. The qnr genes produce the Qnr protein of 

the pentapeptide repeat family that protects the quinolone target from ciprofloxacin 

inhibition. Qnr plasmids are found in E. coli, Klebsiella spp. and S. enterica in North 

America, Europe, North Africa and Asia [8]. In addition, a variant of the aminoglyco-

side acetyltransferase enzyme, AAC(6�)-1b-cr, produced by a clinical isolates of E. coli 

reduces the activity of ciprofloxacin by N-acetylation at the amino nitrogen on its pip-

erazinyl substituent [9]. Although the increment in MIC is small with these plasmid-

carried genes, they facilitate the selection of more resistant mutants and act additively 

with other resistance mechanisms to produce a clinically resistant strain [10].

Detection of Resistance in the Clinical Laboratory

Fluoroquinolone resistance may be detected in the clinical laboratory by disc sus-

ceptibility or MIC testing [11, 12]. In some bacteria the breakpoints established for 

this purpose by the Clinical and Laboratory Standards Institute (CLSI; formerly the 

National Committee on Clinical Laboratory Standards) and several other national 

organizations do not detect the small increases in MIC that first-step resistance 

mechanisms may cause. The ciprofloxacin breakpoints for Gram-negative bacteria 

are typically set at ≤1 μg/ml for susceptibility and ≥4 μg/ml for resistance [11]. The 

MIC to ciprofloxacin for many wild-type Gram-negative bacteria such as E. coli and 
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S. enterica is ≤0.03 μg/ml. Isolates with a single point mutation in gyrA typically have 

an MIC 0.125–1.0 μg/ml and would be classified as susceptible by the current break-

points. The same applies for other first-step resistance mechanisms and for other bac-

teria, such as S. pneumoniae [5].

For several bacteria, such as S. enterica, the presence of decreased susceptibil-

ity to ciprofloxacin is clinically important. Patients with invasive infections due to 

these strains, particularly enteric fever, respond less well to fluoroquinolones when 

compared with infections due to wild-type strains [13–15]. These strains are usually 

resistant to nalidixic acid. In one study of 1,010 non-typhoidal Salmonella isolates, 

nalidixic acid resistance had a sensitivity of 100% and a specificity of 87% for detect-

ing strains with a ciprofloxacin MIC ≥0.125 μg/ml [16]. Similar results have been 

obtained for S. enterica serotype Typhi [14].

Recent guidelines have suggested that decreased susceptibility to fluoroquinolones 

in invasive isolates of S. enterica should be established by nalidixic acid resistance or 

a ciprofloxacin MIC. However, in a report of S. enterica serotype Typhi isolated from 

patients in England, Scotland and Wales, of the 271/692 (39%) isolates with reduced 

fluoroquinolone susceptibility, 49 (18%) of these isolates were nalidixic acid suscep-

tible [17]. This and other reports suggest that nalidixic acid-resistance screening does 

not reliably detect isolates with decreased susceptibility. In areas where enteric fever is 

endemic, microbiology laboratories will be unable to perform MIC testing. New disc 

susceptibility breakpoints that detect isolates with decreased ciprofloxacin suscepti-

bility between 0.125 and 1.0 μg/ml are needed. In N. gonorrhoeae current breakpoints 

accommodate this issue. Decreased susceptibility to ciprofloxacin and ofloxacin is 

defined by the CLSI as an MIC of 0.125–0.5 and 0.5–1.0 μg/ml, respectively. An MIC 

of ≥1 μg/ml for ciprofloxacin and ≥2 μg/ml for ofloxacin is defined as resistant [11].

Prevalence of Resistance in Selected Pathogens

Enteric fever caused by invasive infection with S. enterica serotype Typhi and serotype 

Paratyphi A is associated with significant mortality unless treated with antimicrobi-

als. It is restricted to humans and is common in many developing countries where 

sanitation is inadequate and clean water lacking. The many other serovars of S. enter-

ica (the non-Typhi Salmonellae) typically cause self-limiting diarrhea that does not 

require antimicrobial therapy. Infection is commonly acquired by eating uncooked or 

inadequately food that is contaminated with salmonella. Poultry, eggs, pigs and cattle 

are common sources. The non-Typhi serovars can be invasive, with bloodstream or 

deep-seated infections causing life-threatening disease. The elderly, patients under 

immunosuppression, HIV infection and infants in sub-Saharan Africa are particu-

larly susceptible, and antimicrobials are life saving.

Fluoroquinolones have been widely used for treating drug-resistant enteric 

fever and invasive salmonellosis since the late 1980s. Widespread use in humans in 
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developing countries and in animal husbandry worldwide, has led to the emergence 

of isolates of S. enterica with decreased susceptibility. These have reached high lev-

els in some areas, as summarized in table 2. Resistance has also been a problem in 

enteric fever in immigrants and returning travelers, particularly those coming from 

the Indian sub-continent [17, 24]. Sporadic isolates of Typhi and Paratyphi A with 

full resistance to fluoroquinolones, mediated by double mutations in gyrA and one in 

parC, have been reported in India, Pakistan and Bangladesh [22, 25–29].

Decreased susceptibility to fluoroquinolones has also been documented in the 

zoonotic Salmonellas (table 3) and associated with recent foreign travel, particu-

larly to Spain and Thailand [32, 33]. Studies have documented high rates in sero-

vars such as Enteritidis PT 1 and PT 21, Hadar and Virchow [30, 31, 34]. Taiwan 

has had a particular problem with S. enterica serotype Choleraesuis, a serovar 

that can cause invasive disease [36]. In a nationwide surveillance study in 2001, 

full ciprofloxacin resistance was found in 2.7% of isolates, with a level of 1.4% 

in Typhimurium and 7.5% in Choleraesuis isolates [37]. The appearance of resis-

tance to both ciprofloxacin and extended spectrum cephalosporins in Choleraesuis 

serotypes is worrying [38]. Although ciprofloxacin resistance in S. enterica is usu-

ally associated with between 1 and 3 mutations in gyrA, parC, gyrB and altera-

tions in drug influx/efflux [39], evidence is also accruing of the occurrence of 

Table 2. Quinolone resistant rates in S. enterica serotype Typhi and Paratyphi A

Year Location Serotype Isolates

n

Nalidixic acid resistant/

reduced ciprofloxacin

susceptibility, %a

Ciprofloxacin 

non-susceptible,

%b

Ref.

2004 Kathmandu, Nepal Typhi

Paratyphi A

409

198

50.5

75.3

0.25

0.5

[18]

2000–2003 New Dehli, India Typhi

Paratyphi A

472

90

66.0

80.0

0

0

[19]

2001–2003 New Dehli, India Typhi

ParatyphiA

304

73

74.3

76.7

0

2.7

[20]

2000 Mumbai, India Typhi 240 82.0 0 [21]

2005 Dhaka, Bangladesh Typhi 428 90.7 2.3 [22]

2000–2002 Nairobi, Kenya Typhi 102 47.1 0 [23]

2001 10 European 

countries

Typhi

Paratyphi A

245

217

26.0

18.0

0

0

[24]

2000–2003 England and Wales Typhi 692 39.0 0 [17]

a MIC 0.125–1.0 μg/ml; b MIC >1.0 μg/ml
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plasmid mediated-quinolone resistance, sometimes linked to extended-spectrum 

β-lactamase (ESBL) genes [40, 41].

Campylobacter spp. are a common cause of gastroenteritis in most countries. They 

are commensal in birds, swine and cattle, and infection in humans is invariably food-

associated. Campylobacter is intrinsically less susceptible to fluoroquinolones than 

Salmonella with a wild-type MIC90 of 0.25 μg/ml. Single point mutations in the qui-

nolone resistance determining regions of gyrA result in an MIC ≥2 μg/ml, which is 

non-susceptible by CLSI guidelines [42]. Fluoroquinolone resistant Campylobacter 

spp. in humans and animals, first reported in the late 1980s, have been documented in 

numerous countries [43]. Ciprofloxacin resistance in human Campylobacter isolates 

submitted through national surveillance in the United States increased from 13% in 

1997 to 19% in 2004 [44]. In the same study, ciprofloxacin-resistant Campylobacter 

was isolated from 10% of chicken products purchased in 3 states in 1999 [45].

The emergence of resistance is now limiting ciprofloxacin use in local and systemic 

infections with Gram-negative bacilli such as E. coli, Klebsiella and Pseudomonas. In 

Table 3. Quinolone resistant rates in non enteric fever S. enterica serotypes

Year Location Serotype Isolates

n

Nalidixic acid resistant/

reduced ciprofloxacin

susceptibility, %a

Ciprofloxacin 

non-susceptible, 

%b

Ref.

2003 United States All 1,865 2.3 0.1 [30]

2000 Europe All

Enteritidis

Typhimurium

Hadar

Virchow

22,917

14,636

6,777

622

449

14.0

13.0

8.0

57.0

53.0

0.5

0.4

0.6

3.0

0.9

[31]

2000 Denmark Enteritidis 366 8.5 0 [32]

2000–2004 Finland All 1,004

504

500

21.3

15.0 (domestic)

39.0 (travel related)

0.3 [33]

2001–2003 Spain All

Enteritidis

Typhimurium

Hadar

5,777

3,491

1,211

147

35.0

49.9

7.5

91.2

0

0

0

0

[34]

2000–2002 Korea All 206 21.8 0 [35]

2001 Taiwan All

Choleraesuis

671

107

2.7

7.5

[36]

a MIC 0.125–1.0 μg/ml; b MIC >1.0 μg/ml
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US intensive care units, the overall resistance of Gram-negative bacilli to ciprofloxacin 

increased from 14% in 1994 to 24% in 2000 [46]. The rates were 3% in E. coli, 12% in 

Klebsiella pneumoniae, 10% in Enterobacter spp. and 24% in Pseudomonas aeruginosa. 

In 1999 in England and Wales, blood culture isolates were found to be ciprofloxacin 

resistant for 3.7% of E. coli, 7.1% of Klebsiella spp. and 10.5% of Enterobacter spp. [47]. 

In a prospective study of 452 episodes of K. pneumoniae bacteraemia in 12 hospitals 

in 7 countries, 5.5% were caused by isolates that were ciprofloxacin resistant [48]. Of 

particular note in this study was that ESBL production was detected in 60% of the 

ciprofloxacin-resistant isolates compared with 16% of the ciprofloxacin-susceptible 

strains (p = 0.0001). A similar result was seen in a case-control study in a hospital in 

Philadelphia, where 43 (55.8%) of 77 ESBL-producing E. coli or K. pneumoniae were 

found to be fluoroquinolone resistant [49].

Antimicrobial resistance is severely hampering attempts at global control of gon-

orrhea [50]. Single-dose oral ciprofloxacin or ofloxacin was introduced for treating 

gonococcal infections at a time when resistance to penicillin, tetracyclines and spec-

tinomycin was appearing. In South-East Asia low-level resistant strains appeared 

in the early 1980s and full resistance in 1991. Since then, the incidence of resistant 

strains in many countries in Asia and elsewhere has increased markedly [50]. More 

than 10,000 gonococcal isolates from 15 participating countries in the WHO Western 

Pacific Region were examined in 2004 as part of the GRASP study [51]. The propor-

tion of quinolone-resistant N. gonorrhoeae varied from 2 per cent in New Caledonia 

and Papua New Guinea to nearly 100 per cent in Hong Kong and China. In Japan, 

South Korea, Lao People’s Democratic Republic and Viet Nam levels have reached 

about 85%. In the United States resistance increased from <1% in 2001 to 13.3% in 

the first half of 2006 [52], and in 12 European countries rate was 30.9% in 2004 [53].

Resistance to β-lactam and macrolide antimicrobials in S. pneumoniae has led to 

the widespread promotion of new generation fluoroquinolones for lower respiratory 

tract infections. Although the overall resistance to quinolones is currently low (<5%), 

the incidence is increasing. In Canada, ciprofloxacin resistance increased from <1% 

in 1997 to 4.2% in 2005 [54]. The resistance rates to other fluoroquinolones in 2005 

were 1.1% for levofloxacin, 1.6% for gatifloxacin, 1.0% for gemifloxacin and 1.0% 

for moxifloxacin. In a Hong Kong study of 1,388 pneumococcal isolates collected 

between 2000 and 2005, 10.5% were resistant to ciprofloxacin and 1.6% to levofloxa-

cin [55]. Most fluoroquinolone resistant isolates were the Spain23F-1 clone, a clone 

that has shown its ability to spread worldwide.

Therapeutic and Public Health Implications of Resistance

There is good evidence that infections caused by S. enterica with decreased fluoroqui-

nolone susceptibility respond less well to fluoroquinolone treatment, with a signifi-

cant proportion of patients (although not all) failing therapy [13–15, 19, 20]. In south 
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India, 8 of 38 patients infected with nalidixic acid-resistant S. enterica serotype Typhi 

were found to have a positive blood culture after 6 days of ciprofloxacin at a dose of 

500 mg orally or 400 mg intravenously twice daily [56]. In a clinical trial conducted 

in Viet Nam, where nalidixic acid resistance is common, only two thirds of patients 

with uncomplicated typhoid fever responded satisfactorily to 7 days of ofloxacin [57]. 

For non-typhoidal Salmonella much of the data is from case reports [13, 14]. In one 

outbreak of 25 culture-confirmed cases where the strain had decreased susceptibil-

ity to fluoroquinolones, 5 patients were treated with fluoroquinolones. Of these 5 

patients, 4 failed therapy, 3 with persistent diarrhea and 1 developed an intestinal 

perforation [58].

Evidence also exists for treatment failure in quinolone-resistant gonoccocal infec-

tion. In a prospective study of 217 female sex workers in Dhaka, Bangladesh, 37.8% of 

recovered gonococcal isolates were resistant to ciprofloxacin [59]. Among the patients 

who had successful treatment, 95% of the isolated organisms had an MIC between 

0.008 and 0.06 μg/ml. For those with unsuccessful treatment, 96% had isolates with 

an MIC of 1–32 μg/ml. A failure rate of 32.3% was seen in women treated with oral 

ciprofloxacin (500 mg) in a study in the Philippines [60]. Bacteriologically proven 

treatment failure occurred in 14 (46.7%) of 30 women with isolates with a ciprofloxa-

cin MIC of ≥4 μg/ml and 1 (3.6%) of 28 infected by strains with MICs <4 μg/ml. In 

the United States, ciprofloxacin is no longer recommended for treating gonorrhea 

because of the increase in resistance levels [52]. Treatment failures have also been 

described in case reports of patients with respiratory tract infections due to S. pneu-

moniae treated with ciprofloxacin or levofloxacin [61, 62]. In these reports, resistance 

was present at the outset or emerged during the course of treatment.

Increased transmission and consequent disease outbreaks can occur when drug- 

resistant bacteria appear. In the first 6 months of 1997, contaminated drinking water 

caused an outbreak of typhoid fever in Dushanbe (Tajikistan) in which 8,901 cases 

were reported, with 95 associated deaths [63]. Of the isolates tested, the majority 

were resistant to multiple drugs, including nalidixic acid. An outbreak of S. enterica 

serotype Schwarzengrund occurred in 2 nursing homes and a hospital in the United 

States [64]. The index patient had been hospitalized in the Philippines and had prob-

ably acquired the infection there before transfer to the United States. Transmission 

occurred in the nursing homes and hospital. A hospital outbreak in Canada occurred 

over the course of a 20-month period in a respiratory ward where ciprofloxacin was 

frequently used for treating lower respiratory tract infections [65]. Sixteen patients 

with chronic bronchitis developed a hospital-acquired lower respiratory infection 

with penicillin- and ciprofloxacin- resistant S. pneumoniae serotype 23F. At least 5 of 

the patients failed ciprofloxacin therapy.

Quinolone resistance may also be associated with an increased risk of severe dis-

ease and death. In a matched cohort study, Helms et al. [66] determined the death 

rates associated with drug resistance in S. enterica serotype Typhimurium. By link-

ing the Danish Enteric Pathogen registry with national registration systems, they 
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compared the 2-year death rates with a matched sample of the general Danish popu-

lation after adjusting for differences in comorbidity. Patients with susceptible strains 

of serotype Typhimurium were 2.3 times more likely to die within 2 years after infec-

tion compared with the persons in the general population. Patients infected with a 

strain resistant to ampicillin, chloramphenicol, streptomycin, sulphonamide and 

tetracycline were 4.8 times more likely to die, and those infected with a quinolone 

(nalidixic acid)-resistant strain were 10.3 times more likely to die compared with the 

general population. In a second cohort study in 1,323 patients infected with S. enter-

ica serotype Typhimurium, after adjustment for age, sex and comorbidity, infection 

with a quinolone-resistant isolate was associated with a 3.15-fold (95% CI 1.39–7.10) 

higher risk of invasive illness or death within 90 days of infection compared with that 

observed for infection with a pan-susceptible strain [67]. It was not possible to distin-

guish whether a poor outcome was due to the increased virulence of resistant bacteria 

or because of poor response to treatment.

A further potential result of antimicrobial resistance is that of collateral damage 

[68]. This refers to the unwanted ecological adverse effects of antimicrobial therapy 

in the presence of drug resistance. Fluoroquinolone usage in hospitals may inadver-

tently lead to increases in other multiresistant pathogens. Fluoroquinolone usage has 

been an important risk factor for Clostridium difficile-associated diarrhea and meth-

icillin-resistant Staphylococcus aureus in hospitals [69, 70]. Unrelated antimicrobial 

use may also lead to an increase in the number of infections due to susceptible and 

multiresistant Salmonellae by causing a transient decrease in the resistance to non-

commensal bacteria and increasing the likelihood of infection upon exposure to a 

gastrointestinal pathogen [71]. The additional ‘selective effect’ of antimicrobial resis-

tance has been calculated to result in a more than 3-fold increase in vulnerability to 

infection by an antimicrobial-resistant pathogen among individuals receiving anti-

biotics for an unrelated reason. This has been estimated to lead to 29,379 additional 

non-Typhi Salmonella infections in the USA each year, including 342 hospitalizations 

and 12 deaths and an additional 17,668 Campylobacter jejuni infections, leading to 95 

hospitalizations [71].

Drivers of Resistance

A variety of factors are considered to drive fluoroquinolone resistance in bacteria 

(table 4). The key factor is that widespread usage of an antibiotic applies a selective 

pressure to a bacterial population, which leads to resistance. A number of studies have 

shown a relationship between fluoroquinolone use and resistance. In Spain between 

1988 and 1992, the increase in ciprofloxacin resistance in E. coli isolates causing bac-

teremia correlated with an increasing use of ciprofloxacin in the community and in 

hospitals and prior fluoroquinolone use was an independent risk factor for cipro-

floxacin resistant E. coli bacteremia [72]. In the 1990s, use of fluoroquinolones in 
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the United States increased by about 40% and was associated with a doubling in the 

rate of resistance to ciprofloxacin among Gram-negative bacilli isolated from hos-

pital intensive care units [46]. In a retrospective study of fluoroquinolone use in 

10 US teaching hospitals between 1991 and 2000, susceptibility to fluoroquinolones 

decreased significantly over the 10-year period, with particularly marked decreases in 

P. aeruginosa (25.1%), Proteus mirabilis (11.9%) and E. coli (6.8%) [73]. The increase 

in resistance was more than 50% in 5 of the 10 hospitals and there was a signifi-

cant relationship between increasing levels of use and increasing levels of resistance 

(p < 0.05). In another study in 17 US hospitals, total fluoroquinolone use in the com-

munity was significantly associated with the percentage of E. coli isolates that were 

fluoroquinolone resistant (r = 0.68, p = 0.003) [74].

A similar relationship has been proposed between use and resistance for S. pneu-

moniae. In a case-control study in Hong Kong, multivariate analysis showed that 

presence of chronic obstructive pulmonary disease (OR 10.3), nosocomial origin of 

the bacteria (OR 16.2), residence in a nursing home (OR 7.4) and exposure to fluoro-

quinolones (OR 10.7) were independently associated with colonization or infection 

with levofloxacin-resistant pneumococci [75]. In a further study over various geo-

graphical regions in the United States, which used antimicrobial surveillance data, the 

levofloxacin MIC increased between 1997 and 2002, an increase that was significantly 

associated with levofloxacin usage across all regions (p < 0.001) [76].

The relationship between fluoroquinolone use in animal husbandry and resis-

tance in non-typhoidal Salmonella serovars and Campylobacter has been the subject 

of considerable debate [77]. Fluoroquinolones, such as sarafloxacin and enrofloxa-

cin, have been licensed for use in food animals (principally cattle, swine, poultry and 

fish), and companion animals. They are used for treatment, but also occasionally for 

growth promotion. Antimicrobials are, of necessity, often given on a group or flock-

wide basis, rather than by administration to individual animals, and this may result in 

Table 4. Drivers of fluoroquinolone resistance and dissemination

Factor Examples

Fluorquinolone usage in humans and animals

Pharmacokinetic and pharmacodynamic factors AUC0–24/MIC

Cmax/MIC

MPC and the mutant selection window

Clonal dissemination infection control in hospitals

lack of clean water and poor sanitation

inadequate disease control programs

international transport of food

international travel of humans
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individual animals receiving sub-therapeutic doses. There is cross resistance between 

fluoroquinolones used specifically in animals and those used in human practice [78]. 

Furthermore, in some countries, fluoroquinolones used for humans are also used 

in animals. Most authorities now agree that animals are the principal source of qui-

nolone-resistant isolates of S. enterica and Campylobacter spp. [79]. Epidemiological 

and laboratory data from a number of countries implicate fluoroquinolone use in 

poultry as a prime driver of resistance to quinolones among C. jejuni from humans 

[80], and its use in a variety of animals as a driver of resistance in non-Typhi Salmonella 

[37] and perhaps also E. coli [81].

Appropriate dosing regimens are critical for adequate therapy, but also for prevent-

ing the emergence of resistance. In recent years there has been a clearer understand-

ing of the important pharmacokinetic and pharmacodynamic parameters. The ratio 

of the free drug area under the pharmacokinetic concentration-time curve and the 

MIC (AUC0–24/MIC) and the ratio of the maximum drug concentration and the MIC 

(Cmax/MIC) are both important determinants of bacterial eradication and resistance 

prevention for fluoroquinolones [82]. In one study of nosocomial lower respiratory 

tract infections the probabability of developing resistance during therapy increased 

significantly when antimicrobial exposure was at an AUC0–24/MIC ratio of less than 

100 [83]. A further useful parameter is the mutant protection concentration. This is a 

measure of the ability of bacteria to acquire resistance to quinolones by mutation [84]. 

When a large inoculum of bacteria (1010) is plated on concentrations of a quinolone 

that are above its MIC, and the surviving bacteria are counted after 3 days of incuba-

tion, the lowest concentration at which no resistant mutants are obtained is called 

the MPC. The range of concentrations at which single-mutant selection may occur, 

the mutant selection window, lies between the MIC and the MPC. To minimize the 

selection of resistant mutants, it is suggested that the optimum quinolone regimen 

should have the narrowest mutant selection window and exceed the MPC for a sig-

nificant proportion of the dosage interval. If the bacteria have decreased susceptibil-

ity to fluoroquinolones at the outset, the MPC will be higher making the acquisition 

of a further mutation and clinically significant resistance easier. MPC values for dif-

ferent strains of Salmonella with ciprofloxacin and enrofloxacin vary between 2 and 

64 times the MIC [85].Traditional drug dosages focus on killing susceptible cells, but 

run the risk of allowing the enrichment of drug-resistant mutants when the drug is 

in the mutant selection window. The implication of these pharmacokinetic/pharma-

codynamic approaches is that doses required to cure the patient are lower than those 

required to prevent resistance. An increased risk of toxic side-effects, however, is the 

potential down-side of slowing the acquisition of resistance in a community by using 

higher doses.

Initial infection with a fluoroquinolone-resistant isolate is probably more common 

than resistance emerging during therapy. When a resistant strain has emerged, and 

provided its fitness is comparable with susceptible strains, dissemination becomes 

a critical part of the spread of resistance in an area [86, 87]. Once established in a 
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community, a resistant strain of typhoid, for example, can rapidly spread from per-

son to person or in the water supply [86]. The significant increase in post-treatment 

fecal carriage seen with fluoroquinolone treatment of nalidixic acid-resistant typhoid 

compared with nalidixic acid-susceptible strains, provides a selective advantage that 

encourages it to spread [15]. Linkage of fluoroquinolone resistance with resistance 

to other agents gives the strain a further advantage by allowing its selection by many 

antimicrobials. Local spread may be followed by international spread. The spread of 

non-Typhi Salmonella serovars illustrates the importance of the foreign travel and the 

international transport of food in the dissemination of resistant strains worldwide 

[32, 33]. Fluoroquinolone resistance in international clones of S. pneumoniae such as 

Spain23F-1 may also lead to widespread dissemination [55, 87].

Conclusion

Decreased susceptibility and full resistance to fluoroquinolones has emerged or is 

emerging in many bacteria of considerable public health importance. This fall in sus-

ceptibility has implications for the management of individual patients and also has 

important public health outcomes both in hospitals and in the community. A variety 

of factors are driving this rise in resistance. Appropriate use of fluoroquinolones (and 

other antimicrobials) in humans and animals is urgently needed. The recent with-

drawal of enrofloxacin use in poultry in the United States is a step in the right direc-

tion [88]. Care is required in the design of dosage regimens that cure patients and 

prevent resistance development. Adjustment of the breakpoints, to detect first-stage 

resistance mechanisms in bacteria such as Salmonella is long overdue, although will 

have important implications as alternative treatments are often limited. When resis-

tant strains do emerge, well functioning hospital infection control and community 

disease control programs are critical to prevent their subsequent dissemination.
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Abstract
The threat of an influenza pandemic in 2009 stimulated intense interest in pandemic preparedness, 

including mobilization of local, state, federal and international resources. There were also discus-

sions on non-pharmacologic approaches to containment and implementation of programs to stock-

pile neuraminidase inhibitors and vaccines against potential strains of pandemic influenza. All of 

these activities are important components of preparedness in the United States. However, literature 

published after each of the 20th century influenza pandemics shows that bacterial pneumonia fol-

lowing influenza infection was a major cause of morbidity and mortality. Some key differences 

between those pandemics and the next one include characteristics of the individual pandemic 

strains, the availability of antiviral agents, the availability of antibiotics and the prevalence of associ-

ated antimicrobial resistance among common bacterial etiologies of community-acquired pneumo-

nia, and the availability of a protein-conjugate vaccine for Haemophilus influenzae type B disease and 

2 vaccines that target Streptococcus pneumoniae. A key challenge posed by the next pandemic is 

how best to use prevention strategies and antibiotics to minimize morbidity and mortality from sec-

ondary bacterial pneumonia. Copyright © 2010 S. Karger AG, Basel

Epidemiology of Bacterial Community-Acquired Pneumonia During Inter-Pandemic 

Periods in the United States

The incidence of pneumonia follows a ‘U’-shaped age distribution, occurring most 

commonly in the very young and the very old. Most hospitalizations and deaths occur 

among the elderly, who are more likely to have underlying illnesses that increase their 

risk for severe infection [1]. The prevalences of specific etiologies of pneumonia also 

vary somewhat with age [2]. Although pneumococcus is a common bacterial patho-

gen in all age groups, viruses such as respiratory syncytial virus are more common in 

young children while Mycoplasma pneumoniae predominates in school-aged children 

[3]. Legionella, the causative agent of Legionnaires’ disease, tends to cause community-



52 Moore · Whitney

acquired pneumonia (CAP) in the elderly and those with underlying immunosup-

pressive illnesses. Finally, Staphylococcus aureus and group A Streptococcus have long 

been recognized as important causes of CAP following influenza infection. Of the 

bacterial etiologies of CAP, Streptococcus pneumoniae and Staphylococcus aureus are 

the most common causes of secondary bacterial pneumonia among patients with 

influenza, and both frequently demonstrate resistance to antibiotics used for empiric 

treatment of CAP. Pneumonia in general and S. pneumoniae in particular share simi-

lar seasonal patterns with influenza [4–6]. In addition, S. pneumoniae and S. aureus 

are common colonizers of the upper respiratory tract [7, 8]. The remainder of this 

chapter will focus on these 2 organisms.

Clinical Significance of Antimicrobial Resistance: S. pneumoniae

Unequivocal evidence of bacteriologic or clinical failure as a direct result of antibi-

otic resistance is difficult to document for bacterial infections, including pneumococ-

cal pneumonia [9]. For penicillins, it is difficult to demonstrate a clear relationship 

between resistance in the pneumococcus and clinical failure, perhaps because the 

susceptibility breakpoints were initially established on the basis of achievable levels of 

penicillin in the cerebrospinal fluid whereas most pneumococcal infections occur in 

the lung or the bloodstream. Two studies from Asia suggest that penicillin non-sus-

ceptibility is common, with 40–60% of pneumococcal strains classified as intermedi-

ate or fully resistant; however, reduced susceptibility could not be related to a worse 

clinical outcome [10, 11]. A recent international study failed to find a relationship 

between discordant therapy for pneumococcal pneumonia and mortality and, there-

fore, concluded that the use of penicillin therapy against penicillin non-susceptible 

strains does not increase the risk of mortality [12]. Pharmacokinetic data suggest that 

penicillin dosing may achieve levels in the blood higher than the minimum inhibi-

tory concentrations (MICs) of most penicillin-resistant organisms [13]. Because of 

these studies and others [14–16], the susceptibility breakpoints for intravenous peni-

cillin and non-meningitis cases of pneumococcal infection were recently increased. 

As a result, a higher proportion of pneumococcal pneumonia cases are now likely to 

be under the breakpoint, thus amenable to treatment with penicillin [17].

Cephalosporins are frequently used for empiric treatment of CAP and are often effec-

tive against penicillin-resistant strains of S. pneumoniae. However, treatment failures 

have been documented for first (cefazolin) [18], second (cefuroxime) [12, 19, 20], and 

third (ceftazidime) [21] generation cephalosporins. Cefotaxime and ceftriaxone, both 

third-generation agents, are recommended for empiric pneumonia therapy because the 

prevalence of resistance to these antibiotics is low and because there is little evidence that 

treatment of resistant strains with these antibiotics leads to poorer outcome [22–24].

Data suggesting a relationship between fluoroquinolone-resistant pneumococci 

and treatment failure appear to be mounting but are still limited to anecdotal episodes 
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[25–27]. A recent literature review identified 20 failures of ciprofloxacin and levoflox-

acin therapy for respiratory infections caused by fluoroquinolone-resistant S. pneu-

moniae [28]. What distinguishes fluoroquinolones from other drug classes is that, 

in the United States and most other countries, fluoroquinolones are used rarely in 

children, the reservoir of pneumococcal colonization.

The class of drugs with the largest body of evidence suggesting that resistance 

leads to treatment failure is the macrolide class, including erythromycin and the new 

azolides, azithromycin and clarithromycin [29]. Klugman [27] recently highlighted 

that macrolide resistance among pneumococci appears to be increasing in prevalence, 

the MICs of existing macrolide resistant strains are increasing, and the MIC is a good 

predictor of treatment failure. A report from 5 years of surveillance in Toronto identi-

fied 1,696 episodes of pneumococcal bacteremia, nearly two thirds of which presented 

as pneumonia. Of these, 3.5% were failures of outpatient macrolide or azolide therapy, 

and two thirds of the failures were caused by macrolide-resistant strains [30].

Clinical Significance of Antimicrobial Resistance: S. aureus

Some of the best evidence linking antimicrobial resistance among S. aureus to clini-

cal treatment failure comes from studies of S. aureus infective endocarditis [31–34]. 

Methicillin-resistant S. aureus (MRSA) has emerged as a community pathogen in 

recent years and co-infections with influenza and S. aureus have been described [35]. 

However, determining the clinical significance of antimicrobial-resistant S. aureus – 

especially MRSA – causing pneumonia has been more challenging. Some descriptions 

of MRSA pneumonia among previously healthy individuals have been especially dra-

matic, possibly due to the presence of Panton-Valentine leukocidin [36–42], a toxin 

thought to enhance the pathogenicity of strains expressing it or other virulence fac-

tors such as staphylococcal protein A (Spa) [43]. Because of the rapidity with which 

these community-associated MRSA strains cause pneumonia and death, it may not 

be possible to determine whether methicillin resistance, independent of other factors, 

predicts treatment failure. Data comparing vancomycin to linezolid for the treatment 

of healthcare-associated S. aureus pneumonia has generated some debate as to which 

agent leads to the best clinical outcome [44].

Biological Mechanisms for Interactions Between Influenza and Bacterial CAP

Influenza viruses promote bacterial infection at the cellular level in several ways. 

Experiments in the 1950s were the first to suggest that influenza virus may impair the 

ability of respiratory epithelium to clear bacteria [45]. More recent studies show that 

defects in phagocytic function [46, 47] during influenza infection permit increased 

bacterial replication and that the cytokine response to influenza leads to improved 
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bacterial adherence and invasion with in vitro and animal models [48, 49]. Extensive 

studies by McCullers and colleagues have shown that the neuraminidase enzyme of 

influenza primes the lung for pneumococcal infection by increasing adherence of 

pneumococci to lung cells [48] and inhibition of the neuraminidase enzyme with 

neuraminidase inhibitors can reverse this effect in mice [50].

Epidemiologic Evidence That Influenza Increases the Risk of Bacterial CAP

Inter-Pandemic Influenza

Several types of evidence support an epidemiologic relationship between influenza 

infection and subsequent bacterial CAP. First, an ecologic relationship between influ-

enza and CAP has been recognized for many years, with hospitalizations and deaths 

related to both diseases peaking simultaneously [51]. More direct evidence at the 

individual patient level was provided by a retrospective case-control study conducted 

in the context of an outbreak of severe pneumococcal disease among children. In that 

study, the investigators demonstrated a 12-fold increased risk of an influenza-like ill-

ness in the 7–28 days before hospitalization for pneumococcal pneumonia and a nearly 

4-fold increased risk of a positive influenza A convalescent serology among patients 

with pneumococcal disease [52]. A more novel approach to the question of causality 

was taken in the context of a randomized, double-blind, placebo-controlled clinical 

trial of a protein-polysaccharide conjugate pneumococcal vaccine in South Africa. 

Children who had received pneumococcal vaccine experienced a risk of hospitaliza-

tion for laboratory-confirmed influenza infection that was 45% lower than children 

who had received placebo, suggesting that the vaccine was directly preventing pneu-

mococcal pneumonia as a complication of influenza infection [53]. Because influenza 

vaccine was not available during this trial, it is unknown whether both vaccines in 

combination would have further reduced influenza-associated hospitalizations.

With respect to CAP caused by S. aureus, Hageman recently reported 17 cases of 

culture-confirmed community-acquired S. aureus pneumonia among persons with 

either an influenza-like illness (i.e. fever plus sore throat or cough) or laboratory-

confirmed influenza infection before onset of pneumonia symptoms [35]. Of the 13 

cases from whom S. aureus isolates were available, 11 were methicillin resistant and 

10 of these were identified as the USA300 strain, a pulsed-field gel electrophoresis 

type associated with severe necrotizing pneumonia [54].

Pandemic Influenza

Evidence supporting the relationship between influenza and bacterial CAP during 

previous pandemics far outweighs the evidence available from studies conducted 
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during inter-pandemic periods [55]. Of the 3 influenza pandemics in the 20th cen-

tury, 1 occurred in the pre-antibiotic era and all 3 occurred in the era before effec-

tive influenza and pneumococcal vaccines and influenza antiviral medications were 

available.

1918–1919 Influenza Pandemic

The 1918–1919 pandemic caused more illness and death than the other two 20th 

century pandemics combined. Approximately 500 million persons, one third of the 

world’s population, were infected and 50–100 million persons died [56, 57]. A key 

determinant of the severity of that pandemic was the influenza virus itself, the viru-

lence of which likely led to severe lung inflammation [58, 59].

In addition to the virulence of the influenza virus, bacterial pneumonia also likely 

played an important role in the elevated mortality observed in 1918–1919. During 

those years, the US Public Health Service conducted house-to-house surveys in 11 

localities throughout the country (New London, Conn.; Baltimore and several com-

bined communities, Md.; Spartanburg, S.C.; Augusta and Macon, Ga.; Louisville, Ky.; 

Little Rock, Ariz.; Des Moines, Iowa; San Antonio, Tex.; San Francisco, Calif.) [60]. 

While the population sampled was small – just over 130,000 persons total – the sur-

vey was very detailed and highlights key relationships between influenza and pneu-

monia not evident from other reports. The overall influenza attack rate varied widely, 

from 15% in Louisville to 54% in San Antonio with an average of 28% of persons 

reporting an influenza-like illness. Most of the geographic differences were attrib-

uted to different age distributions in each area, as age-specific influenza attack rates 

were quite similar across sites. Regardless of locality, incidence of influenza was not 

directly related to overall mortality. Instead, pneumonia incidence determined case-

fatality rates which, in turn, determined overall mortality. In short, pneumonia as a 

complication of influenza was a key determinant of mortality.

Attack rates of secondary bacterial pneumonia during the 1918 pandemic ranged 

from 7.1% to 20%, depending on the phase of the pandemic and on the population 

studied [61]. For example, of the 63,374 soldiers at Fort Riley in Kansas, 15,170 (24%) 

developed influenza between September 15 and November 1. Of these, 2,624 (17%) 

developed pneumonia, of whom 941 (36%) died, for an overall death rate of 1.5% [62]. 

In Baltimore, 268 civilians with influenza were admitted to Johns Hopkins Hospital 

between September 24 and October 20, 1918. Of these, 41 (15.3%) developed pneu-

monia, among whom 13 (32%) died [63].

While diagnostic techniques used today were not available in 1918, published 

literature from that period includes descriptions of pre- and post-mortem exami-

nations of clinical material that provide some insights into the common bacterial 

etiologies of CAP (table 1). The pneumococcus was clearly the most common bac-

terial etiology of pneumonia, appearing in roughly 40–70% of pre-mortem sterile-

site specimens (e.g. blood, lung punctures) and 30–75% of post-mortem specimens 

(e.g. heart blood and lung tissue). Group A streptococci were also recovered from 
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Table 1. Percentages of CAP cases by etiologic agent during influenza pandemics, 1918–1968

Etiology Ref.

S. pneumoniae H. influenzae Group A 

streptococci

S. aureus

Pre-mortem

Invasive

Blood 100 (45/45) [61, 

122]

44 (23/52)a [123]

12 (6/50) 0 (0/50) [70]

Lung puncture 73 (11/15) 19.8 (3/15) [124]

Non-invasive

Sputum 48 (52/108)b 11 (12/108)b 19 (21/108)b [69]

26 (191/740) 17 (126/740) [61, 

125]

41 (65/158) 38 (58/158) 29 (46/158) [61, 

126]

70 (70/100) 4 (4/100) [124]

27 (3/11) 9 (1/11) [127]

63 (24/38) 16 (6/38) 16 (6/38) [66]

43 (23/54) 9 (5/54) [70]

Post-mortem

Lung tissue 44 (4/9) [61, 

128]

28 (77/280) 27 (76/280) [61, 

125]

45 (9/20) 20 (2/10) [61, 

126]

8.8 (3/34) [124]

48 (153/312) [61, 

65]

38 (12/32) [68]

Pleural cavities 67 (6/9) [61, 

128]

Heart blood 65 (52/82) 2.5 (2/80) 7.5 (6/82) 1.3 (1/82) [61, 

129]
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pre-mortem expectorated sputum specimens, although less commonly than pneu-

mococci. H. influenzae (‘Pfeiffer’s Bacillus’) was common enough in the 1918 and 

previous epidemics to suggest that it might have been the actual cause of influenza, a 

notion eventually dispelled with the isolation of influenza virus in 1933 [64].

The identification of S. aureus from autopsy specimens during the 1918–1919 pan-

demic suggests that it may have been associated with higher case fatality rates than 

other bacteria. In the autumn of 1918, 8,100 soldiers at Camp Jackson (S.C.) were 

admitted to hospital with influenza. Of these, 1,409 developed secondary bacterial 

pneumonia and 7–12% of these cases (depending on the regiment) were diagnosed 

as S. aureus pneumonia. While the case fatality rate of all-cause pneumonia at Camp 

Jackson was 27% (385/1409), S. aureus accounted for a disproportionate number of 

deaths. Of 312 post-mortem lung cultures obtained from soldiers 153 (49%), yielded 

growth of S. aureus either in pure culture or in combination with other bacteria, 

most commonly pneumococcus. In other words, pneumococcus was the most com-

mon cause of secondary bacterial pneumonia but S. aureus had a higher case fatality 

rate [65].

1957–1958 Influenza Pandemic

If the 1918–1919 pandemic demonstrated the natural history of bacterial pneumonia 

as a complication of influenza, the 1957–1958 (Asian) pandemic provided the first 

Table 1. Continued

Etiology Ref.

S. pneumoniae H. influenzae Group A 

streptococci

S. aureus

33 (3/9) [61, 

128]

28 (77/280) 22 (62/280) [61, 

125]

‘Necropsies’ 43 (16/37) [61, 

129]

Results not distinguished 

Sputum and 

necropsy material

9 (12/140) 4 (5/140) 1 (2/140) 27 (38/140) [67]

Data are percentages of secondary bacterial pneumonia cases caused by each etiology. Numbers in parentheses 

are isolates/patients with specimens for culture.
a Isolates only identified as ‘streptococci’.
b Report does not indicate what proportion came from each specimen source.
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insight into the epidemiology of secondary bacterial pneumonia during the antibiotic 

era. One of the most detailed reports comes from New Haven Hospital in Connecticut 

where, in the autumn of 1957, 91 patients were admitted with radiographically or 

autopsy-confirmed pneumonia, a 6-fold increase in pneumonia admissions compared 

to the same period in 1956 [66]. The clinical histories of these patients confirmed 

the 1918 epidemiology in that many patients described the onset of influenza-like 

symptoms approximately 1 week before presenting to hospital for admission. Since 

the 1918–1919 pandemic, it has been well established that pregnant women are at 

increased risk of influenza-related complications. In 1957, however, this associa-

tion manifested as increased risk of secondary bacterial pneumonia among pregnant 

women. Among males admitted with secondary bacterial pneumonia, more than half 

were aged 50 or older, emphasizing the role of co-morbidities in this population [67]. 

Among females, however, almost two thirds were between the ages of 16 and 40 and 

almost half of these were in their third trimester of pregnancy [66–68].

Because of the availability of antibiotics in 1957, most patients with bacterial pneu-

monia diagnosed by sputum smear and culture received antibiotics [68]. Penicillin 

was used to treat pneumococcal infections, streptomycin and chloramphenicol was 

used for H. influenzae, and all 3 drugs were used to treat S. aureus pneumonia. Only 11 

(12%) patients with bacterial pneumonia in the New Haven sample died, a reduction 

in case-fatality of nearly two thirds compared to 1918. However, 7 of these 11 fatal cases 

had no underlying illnesses and in 4 fatal cases where a bacterial etiology was identi-

fied, 3 were caused by S. aureus. It is highly likely that differences in the influenza virus 

itself contributed to the lower mortality in 1957 compared to 1918. However, antibiot-

ics also clearly benefited patients with pneumococcal pneumonia [66].

The 1957 pandemic also provided some insight into the relationship between time 

of hospitalization and the susceptibility of strains of S. aureus. Among 20 strains of 

S. aureus recovered from patients with pneumonia, 9 were recovered from patients 

upon admission and all of these were susceptible to penicillin, chloramphenicol, and 

streptomycin. Of the remaining 11 strains, which were recovered on average 1 week 

after admission, all were resistant to those same agents [67]. These data suggest that 

at least some, and up to half, of influenza-associated S. aureus pneumonia cases may 

be acquired in hospital.

Finally, the 1957 pandemic demonstrated how outpatient antibacterial therapy can 

impact the epidemiology of hospitalized CAP. In one report from Sheffield (UK) most 

patients with CAP received antibiotics before admission. Among the 140 patients hos-

pitalized with CAP, an organism was recovered from sputum or at autopsy from 74 

(53%). Unlike the pre-antibiotic era where pneumococci would have been recovered 

from roughly 50% of patients with a known etiology, pneumococcus was recovered 

from only 12 (9%) of patients. Instead, S. aureus was recovered from 27% of cases and 

Gram-negative organisms from another 12% [67]. Whether the high rate of recovery 

of S. aureus is related to the bias inherent in autopsy studies (i.e. inclusion of only 

cases resulting in death) is unclear; however, these data do suggest that outpatient 
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antibiotic therapy can reduce the proportion of hospitalized secondary bacterial 

pneumonia cases with pneumococcus identified as an etiology.

1968–1969 Influenza Pandemic

Available literature from the 1968–1969 pandemic differs from the other 2 pandemics 

in that fewer reports in 1968–1969 relied on autopsy studies. It is unknown whether 

this observation is a result of decreased virulence of the 1968 influenza virus with sub-

stantially fewer influenza-related deaths overall compared to prior pandemics, fewer 

deaths from secondary bacterial pneumonia, a smaller proportion of those fatalities 

having autopsies performed, or some combination of these.

In January 1969, a large increase in the number of patients presenting to a hos-

pital in Atlanta (Ga.) with acute respiratory infections prompted the adoption of a 

policy to admit all patients with clinical or radiographic evidence of pneumonia. 

Schwarzmann et al. [69] reviewed all 108 cases and found that pneumococcus was the 

most common etiology. This study also clarified the relationship between influenza 

and S. aureus by showing that the number of cases of S. aureus pneumonia increased, 

in relative terms, more than any other organism, from 6% of cases during the previ-

ous influenza season to 19% during the pandemic. In contrast, 61% of CAP cases 

were caused by pneumococcus during the previous influenza season compared to 

48% during the pandemic [69]. In other words, pneumococcus was still the most 

common cause of secondary bacterial pneumonia during the pandemic but S. aureus 

demonstrated the largest increase in prevalence compared to the previous influenza 

season. Finally, 70% of S. aureus isolates were resistant to penicillin – a change from 

1957 – while 100% were susceptible to oxacillin and cephalothin.

Between December 1968 and January 1969, 106 patients with clinical evidence of 

pneumonia were admitted to the City of Memphis (Tennessee) Hospitals, a system 

primarily for the indigent population of Memphis [70]. All but 2 of these patients also 

had radiographic evidence of pneumonia. Seventy-nine (75%) of all CAP patients had 

evidence of current or recent influenza infection, either by serology or viral isolation. 

Bisno et al. [70] established criteria for assigning etiologic diagnoses that were more 

stringent than those used in previous studies of hospitalized patients. These were: 

that all cases required serologic or culture evidence of influenza infection; none was 

permitted to have any history of antibiotic administration before admission, and all 

had bacterial cultures obtained before receiving antibacterial therapy in hospital. Of 

54 patients meeting these criteria for influenza-associated CAP, 23 (43%) had pneu-

mococcus isolated in pure culture from sputum and 5 (9%) had S. aureus isolated, 

most in mixed culture. Fifty of these same patients had blood cultures collected before 

antibiotic administration and 6 (12%) yielded pneumococci while none revealed S. 

aureus. Of note, Bisno et al. categorized their cases using Louria’s classification. They 

were able to identify clearly all pulmonary syndromes with the exception of primary 

influenza pneumonia. As a potential explanation for the disagreement with Louria’s 

study [71], Bisno noted that patients with rheumatic heart disease in Memphis in 



60 Moore · Whitney

1967 received monthly prophylaxis with benzathine penicillin, a measure which 

might have reduced their risk for secondary pneumococcal pneumonia.

Etiologic Information from Influenza Pandemics: Interpretation and Summary

Data published in the wake of all three 20th century pandemics suffer from a key 

limitation, namely, the inability to draw clear conclusions from results of imperfect 

diagnostic tests. Upper respiratory specimens are frequently colonized with either S. 

pneumoniae or S. aureus, leading potentially to the incorrect assignment of one etiol-

ogy when the true etiology is something else. Conversely, reliance on blood cultures, 

which yield an organism in less than 20% of patients with CAP [72], may lead to an 

underestimate of the proportion of cases attributable to pneumococcus or S. aureus, 

especially in situations where patients have received antibiotics before blood cultures 

were obtained. Nevertheless, published studies describing the etiologies of second-

ary bacterial pneumonia during influenza pandemics are, on balance, consistent with 

each other and with other studies conducted during inter-pandemic years. These 

studies can be summarized as follows:

• Pneumococcus is the most common cause of secondary bacterial pneumonia 

during infl uenza pandemics.

• Relative to inter-pandemic years, S. aureus demonstrates the largest increase in 

prevalence of any one etiology during pandemics.

• S. aureus predominates in autopsy-based studies, suggesting that it might have a 

higher case fatality rate.

• Up to one half of secondary pneumonia cases caused by S. aureus during 

infl uenza pandemics may be acquired in hospital.

Relationship Between Past and Future Pandemics

Given what we know about previous pandemics, a key challenge is to ensure that all 

patients with secondary bacterial pneumonia are treated appropriately with antibiot-

ics while minimizing the inevitable consequences of promoting antibiotic resistance. 

By comparing previous pandemics to what might be expected from the next one, it 

might be possible to identify those questions which, if answered, could aid in prevent-

ing cases of secondary bacterial pneumonia, including those resistant to antibiotics.

Similarities among Cases of Secondary Bacterial Pneumonia

Similar to the 1968 pandemic, when antibiotics were widely available, we can expect 

that most patients with any evidence of CAP during a pandemic will be treated with 
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antibiotics. We can also expect that there will be shortages of vaccines, antiviral and 

antibacterial agents, diagnostic test reagents and hospital beds [73, 74]. Anticipating 

these shortages as much as possible, preventing them and providing guidance on 

how to best manage patients during shortages are all critical steps for pandemic 

planning.

We should also expect that it will continue to be challenging to differentiate 

between primary viral, primary bacterial, and viral and bacterial co-infections as eti-

ologies of pneumonia, a differentiation that is critical for deciding when antibiot-

ics are indicated [75, 76]. However, recent advances in diagnostic techniques hold 

some promise that this important differentiation will become more feasible [77, 78]. 

Whether these techniques improve the ability to differentiate viral from bacterial eti-

ologies in daily clinical practice and whether they can be implemented in community 

settings remains to be seen.

Differences Between Previous and Future Pandemics

One of the most important differences between the three 20th century pandemics 

and those of today and in the future is the availability of primary prevention strategies 

for influenza. Although supplies will likely be limited, antivirals [79–81] and influ-

enza vaccines [82, 83] could prevent cases of pandemic influenza infection which 

would otherwise be complicated by secondary bacterial pneumonia.

Concomitant with the increasing age of the population, the prevalence of underly-

ing illnesses that increase the risk of influenza and pneumonia has increased over the 

past century [51, 84, 85]. Little is known about the risk of influenza among persons 

living with HIV or AIDS [86–88]. However, pneumonia, including pneumococcal 

pneumonia, is clearly a major cause of morbidity and mortality in that population [89, 

90]. Asthma, which has recently been shown to be a risk factor for invasive pneumo-

coccal disease [91], has also increased in prevalence in recent years [92]. Conversely, 

the prevalence of smoking which has long been associated with pneumonia, and 

pneumococcal disease, has started to decline [93].

The introduction of protein-conjugate vaccine for Haemophilus influenzae B 

in the 1990s led to important reductions in this invasive disease [94]. During that 

same decade, the prevalence of antimicrobial-resistant S. pneumoniae in the United 

States increased dramatically [95]. This increase reversed following the introduction 

of pneumococcal conjugate vaccine into the routine infant immunization sched-

ule. Whether this trend will continue or reverse yet again remains to be seen [96]. 

Perhaps the most novel aspect of a pandemic now or in the future will be the role of 

community-associated MRSA. As mentioned previously, the increase in prevalence 

of methicillin resistance among S. aureus isolates has become an important concern 

among clinicians, both because of the rate of increase in prevalence and because of 

the dramatic clinical presentations [36–38, 42, 54, 73].
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The relationship between diagnostic testing and antibiotic use is also somewhat 

different today compared to during previous pandemics. Non-culture-based methods 

such as urine antigen tests or nucleic acid-based tests were not available during previ-

ous pandemics but both are now recommended for use in CAP, at least among adults 

[97]. At the same time clinical practices have moved away from culture-based tests 

[98], perhaps because empiric therapies currently available are broad spectrum, safe 

and highly effective [99].

Despite all that is known from previous pandemics, there is much that cannot be 

predicted. What proportion of the population will develop pandemic influenza infec-

tion? What proportion of those will develop secondary bacterial pneumonia? What 

proportion of cases of pneumonia will have an etiology identified and what propor-

tion of those will be antimicrobial resistant? Previous pandemics can provide some 

clues to the answers [55, 60] but those clues need to be interpreted with cautious 

skepticism.

Strategies for Reducing Secondary Pneumonia Caused by Resistant Bacteria during 

a Pandemic

Several strategies might reduce the burden of antimicrobial resistant secondary 

bacterial pneumonia during a pandemic. Strategies aimed at reducing the inci-

dence of influenza infection could markedly reduce episodes of secondary bac-

terial pneumonia. These include use of antiviral agents, influenza vaccines and 

social distancing measures. There is also some evidence to support strategies that 

could limit unnecessary antibiotic use even when prior influenza infection is sus-

pected. Previous pandemics suggest that patients who appear relatively well and do 

not have significant findings on chest radiographs will not benefit from antibiot-

ics [71]. Although clinicians over-prescribe antibiotics for patients with clinical 

signs of pneumonia [100], results of radiographs, when provided to clinicians, can 

reduce antibiotic use among patients suspected of having pneumonia from 43 to 

17% [101].

When radiographic evidence of pneumonia is present, clinicians can reduce unnec-

essary prescribing through efforts to identify the bacterial etiology. Numerous stud-

ies have shown that clinicians cannot distinguish between specific etiologies of CAP 

based on clinical criteria alone [72, 102]. However, identifying that the etiology is a 

virus alone instead of a bacterium or a co-infection with both – without identifying 

the specific organism – could allow clinicians to reassure their patients that antibiot-

ics are not indicated. Use of surrogate markers of inflammation, such as procalcitonin 

and C-reactive protein, holds some promise for targeting antimicrobials for patients 

most likely to have bacterial infections [103, 104].

When antibiotics are prescribed for documented episodes of pneumonia, pre-

scribing the narrowest possible antimicrobial for the most likely infection may help 
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to prevent the development of resistance. In recent years a debate has developed over 

whether dual therapy with a cephalosporin and a macrolide might reduce mortality 

among patients hospitalized with pneumococcal pneumonia [105, 106]. Whether 

this benefit exists is unclear [15] and, if so, whether it is related to immunomodulat-

ing effects of macrolide drugs or to the effects of macrolides on co-infecting atypical 

organisms. In either case, use of extended spectrum macrolides has been associ-

ated with the promotion of resistance [107, 108]; therefore, determining whether 

patients with secondary bacterial pneumonia should also receive dual therapy will 

be important. Finally, there may be clinical situations in which short course therapy 

will be appropriate [109] and these regimens could forestall the development of 

resistance.

The role of antibacterial vaccines for the prevention of secondary bacterial pneu-

monia is also a critical concern. While there are no vaccines currently licensed for 

prevention of S. aureus infections, pneumococcal vaccines were studied as early as 

1918 [110] and continued among South African gold miners where a pneumococ-

cal vaccine targeting 14 serotypes was shown to prevent pneumococcal pneumonia 

[111]. Since that trial, however, there has been some debate about whether pneu-

mococcal polysaccharide vaccines are effective at preventing pneumococcal pneu-

monia without bacteremia, with most studies being unable to document benefit 

[112]. Regardless, pneumococcal polysaccharide vaccine has been shown to have 

50–80% effectiveness against invasive pneumococcal disease caused by serotypes 

included in the vaccine, depending on the study and the population [113–115]. 

Again, given the burden of secondary pneumococcal pneumonia during the next 

pandemic, efforts to improve coverage with the currently recommended 23-valent 

pneumococcal polysaccharide vaccine could have substantial public health benefits 

[116, 117].

The availability of the 7-valent pneumococcal conjugate vaccine (PCV7) holds 

great promise from several different perspectives. First, PCV7 has been shown to 

reduce dramatically rates of invasive pneumococcal disease, including antibiotic 

resistant infections, among children and adults [96, 118]. Fewer cases of pneumococ-

cal disease means fewer antibiotic prescriptions [119]. Finally, PCV7 has been shown 

to reduce rates of antibiotic-resistant invasive pneumococcal disease, not only in the 

children for whom the vaccine is recommended but also among adults who benefit 

from the herd immunity conferred by the vaccine [96]. An application for a 13-valent 

conjugate vaccine is being reviewed by regulatory authorities in the United States and 

Europe.

Given the role that hospital-acquired resistant S. aureus infections may have played 

in previous pandemics, basic infection control procedures are critical for preventing 

healthcare-associated S. aureus infections during the next pandemic. These proce-

dures include staff education, infection and microbiologic surveillance, preventing 

transmission of bacterial etiologies of pneumonia, and modifying the host’s risk for 

infection [120, 121].
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Future Directions

Much emphasis has been placed on preparing for the next influenza pandemic. 

Several steps for preventing resistant infections can be started in the early stages of a 

pandemic (table 2). During the pandemic, additional studies of secondary bacterial 

pneumonia will be important for determining the spectrum of etiologies, the role of 

resistant pathogens, and the best choices for empiric therapy.
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• Use antiviral agents according to available recommendations.

• Administer Haemophilus influenzae type B vaccine and pneumococcal conjugate and polysaccharide vaccines 

to those for whom they are recommended.

• Perform chest radiographs in persons suspected of having pneumonia and provide interpretations to 

treating clinicians.

• In persons with pneumonia, use appropriate diagnostic tests to determine the etiology.

• Follow existing guidelines for the treatment of pneumonia to target therapy toward the most likely 

pathogens, using the correct dose and duration of treatment.
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Abstract
Acute respiratory tract infections account for the majority of outpatient antimicrobial use, and physi-

cians continue to prescribe these drugs inappropriately for cough, cold and flu symptoms despite 

lack of efficacy for viral illness. There have been modest reductions in antimicrobial prescribing for 

respiratory illness in recent years, but inappropriate use of broad-spectrum antimicrobials has 

increased. Multiple factors contribute to excessive and inappropriate antimicrobial prescribing, 

including patient expectations, time pressure and diagnostic uncertainty. Physicians perceive that 

patients will be more satisfied with an antimicrobial prescription, despite evidence that satisfaction 

with the physician and the office visit is largely determined by other factors. Market forces also con-

tribute to excessive antimicrobial use in primary care.

Changing physician behavior is challenging, and traditional approaches, such as continuing 

medical education conferences and materials, have little impact. Evidence suggests that multifac-

eted interventions are more effective than single interventions, particularly if they involve per-

sonal or small group educational sessions (‘academic detailing’). In general, it appears to be easier 

to influence decisions regarding the type of antimicrobial and duration of treatment as opposed 

to withholding antimicrobials entirely. Focusing patient communication on symptom alleviation 

can reduce patient opposition to non-antibiotic treatment recommendations and improve satis-

faction. A contingency plan is helpful for patients who question non-antimicrobial treatment 

plans.

Appropriate antimicrobial use is increasingly viewed as a quality improvement issue, and per-

formance measures have been established for pediatric upper respiratory infection and adult 

bronchitis. There is growing interest in pay for performance, but little is known regarding the 

relationship between physician reimbursement and appropriate antimicrobial prescribing. Clinical 

decision support tools are also promising but require further investigation. Over the next decade, 

we must acquire a better understanding of macro-level factors that contribute to inappropriate 

antimicrobial use, including social/cultural health beliefs and practices, physician reimbursement 

practices, pharmaceutical marketing, and organizational policies regarding return-to-work or 

child care following illness. Health care systems, pharmaceutical companies, medical schools, 

residency programs and managed care organizations must all take responsibility and work col-

laboratively to produce lasting change in antimicrobial prescribing habits.

Copyright © 2010 S. Karger AG, Basel
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In 1995, the writer Nicholas Wade predicted the day when the best medical advice 

would be: ‘(1) Don’t get sick; (2) if you do, don’t go to the hospital, and (3) if you 

must go to the hospital, don’t take antibiotics.’ [1]. The same advice is appropri-

ate today for patients seen in the outpatient setting for acute respiratory illness. 

Multiple studies have demonstrated a strong and consistent link between antimi-

crobial use and the development of resistance at individual and population levels 

[2–7]. However, it is less clear how a reduction in outpatient antimicrobial use will 

affect the occurrence of resistant infections. The population dynamics of antimicro-

bial resistance are complex and poorly understood, but models of chromosomal or 

plasmid-mediated resistance in commensal flora suggest that resistance may persist 

as long as antimicrobial-resistant bacteria exist and individuals continue to receive 

antimicrobial treatment [8, 9]. The complete withdrawal of antimicrobial exposure 

might yield dramatic reductions in resistance over a period of years, but such a goal 

is not justifiable (or ethical) because there will always be patients with legitimate 

need for therapy. Despite these uncertainties, judicious use of antimicrobials may at 

least slow the spread of resistant pathogens, improve the quality of health care and 

help prevent adverse events.

Acute respiratory tract infections (ARIs) account for the majority of outpatient 

antimicrobial use, and many physicians prescribe these drugs inappropriately for 

cough, cold and flu symptoms despite their proven lack of efficacy for viral illness. 

A report by the Institute of Medicine in 1998 addressed this problem, noting that 

physicians and patients have not received adequate information about the appropri-

ate use of antimicrobials and the risks of excessive use [10]. Multiple factors con-

tribute to excessive and inappropriate antimicrobial prescribing for acute respiratory 

illness. Physicians and patients have different perceptions about antimicrobial use, 

and patient expectations influence physician prescribing behavior [11, 12]. It appears 

to be easier to influence decisions regarding antimicrobial selection and treatment 

duration than to persuade physicians to withhold antimicrobials entirely. Writing a 

prescription is a strategy to quickly end an office visit, an outcome that is impor-

tant in an era of increasing patient volume and declining reimbursement. However, 

evidence indicates that the time savings are minimal, and that pediatric visits may 

even take longer when antimicrobials are prescribed [13–15]. Physicians perceive 

that patients will be more satisfied with an antimicrobial prescription, despite evi-

dence that patient satisfaction is largely determined by factors other than receipt of 

an antimicrobial [16–18]. Diagnostic uncertainty also contributes to the pressure for 

antimicrobial use, since many ARIs are diagnosed and managed without laboratory 

confirmation, and the clinical manifestations of bacterial and viral infections often 

overlap. For example, duration of illness is often used as a surrogate marker for bacte-

rial sinusitis, and adult guidelines support treatment of rhinosinusitis symptoms last-

ing more than 7 days with maxillary pain or tenderness [19]. Rhinovirus infections 

last a median of 9–11 days [20], and many patients receive antimicrobials unnecessar-

ily based on the 7-day threshold.
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Many physicians in outpatient practice have limited experience with severe man-

ifestations of antimicrobial resistance, and may perceive the threat to be low [21]. 

These physicians may consider the balance between public health and individual 

patient care to be weighted more toward provision of antimicrobials for patients with 

an ARI, even when they recognize that the expected benefit is low. Past experience 

reinforces this behavior because many older practitioners acquired their antimicro-

bial prescribing habits during an era when resistance appeared to be a problem only 

in the hospital setting. Physician focus groups held by the Centers for Disease Control 

and Prevention (CDC) revealed the overarching sentiment that antimicrobial resis-

tance was more of a national problem than a local problem [22]. Patient expectations 

(real or perceived) also tend to reinforce this behavior. Education is lacking among 

patients and the public, and there is little understanding of the difference between 

viral and bacterial infections [23–26].

Market forces also contribute to excessive antimicrobial use. Direct-to-consumer 

advertising is designed to promote antimicrobial selection based on taste, dosing 

interval and other factors unrelated to clinical efficacy. Pharmaceutical drug detailing 

emphasizes newer, broad-spectrum antimicrobials over generic, narrow-spectrum 

agents, and clinicians receive conflicting messages from marketing materials and 

practice guidelines [27].

Over the past decade, a variety of programs have been implemented at national, 

state and local levels to improve outpatient antimicrobial prescribing. Some have 

focused on educating or motivating clinicians to reduce antimicrobial use, others 

have focused on patient and public education, and several have developed multi-

faceted interventions that target clinicians, patients and the general public. Which 

of these approaches is most effective, and what can we recommend to the leaders 

of health care organizations and policy makers concerned about quality of care and 

rising health care costs? In this chapter, we discuss the impact of interventions to 

improve outpatient antimicrobial prescribing, identify gaps in knowledge, and sug-

gest approaches for clinicians and health care organizations who want an evidence-

based approach to appropriate antimicrobial use.

Trends in Outpatient Antimicrobial Utilization

In the United States, inappropriate antimicrobial prescribing rates peaked in the 1990s 

and declined modestly by the end of the decade. Data from the National Ambulatory 

Medical Care Survey indicate that antimicrobial use declined for ARIs during this 

time frame, but use of broad-spectrum antimicrobials increased dramatically in both 

children and adults [28, 29]. Overall antimicrobial use declined among both white 

and black children, but prescribing rates were consistently higher in whites [30]. 

Prescribing rates declined in the United States at both the population level and at the 

level of visits for ARI [31]. At the population level, reductions in prescribing rates 
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may be due to a combination of reduced health care-seeking behavior (self care for 

illnesses recognized to be viral or limited access to care for those without medical 

insurance) and reduced prescribing by physicians when a visit does occur. Similar 

trends have been observed using claims data from 9 large health plans. From 1996 

to 2000, prescribing rates for children aged between 3 months and less than 6 years 

declined approximately 25%, and reduced prescribing for otitis media accounted for 

nearly two-thirds of the total decrease [32].

Inappropriate use of broad-spectrum antimicrobials continues to be a problem, 

generating additional selection pressure for antimicrobial resistance in community-

acquired pathogens. From 1996 to 2000, pediatric use of second-generation macrolide 

drugs (azithromycin, clarithromycin) increased dramatically in 9 large health plans, 

although they accounted for less than 10% of all antimicrobials dispensed [33]. From 

1995 to 2002, fluoroquinolone prescribing for adults increased more than 300%, and 

over 40% of fluoroquinolone prescriptions were for diagnoses such as acute bronchi-

tis, otitis media and acute upper respiratory infections [34]. These results emphasize 

the continued need for education and behavior change despite modest improvements 

in overall antimicrobial prescribing rates.

Interventions to Improve Outpatient Antimicrobial Use

Changing physician behavior is challenging, and traditional approaches such as con-

tinuing medical education conferences and materials have little impact [35, 36]. The 

problem is especially complex in the case of antimicrobial prescribing, since behavior 

changes must occur among physicians and, to some extent, among patients as well. There 

is no single intervention or approach that is universally successful, but multifaceted 

interventions are more effective than single interventions, particularly if they involve 

personal or small group educational sessions (aka ‘academic detailing’) [37–39].

Table 1 summarizes 9 controlled studies that evaluated multifaceted interventions 

for patients, the public and physicians to reduce outpatient antimicrobial prescribing. 

Additional studies have evaluated educational interventions using only historical data 

for comparison, but the lack of a concurrent control group limits the interpretation 

of results, especially when the background rate of antimicrobial prescribing is known 

to be changing. All 9 studies shown in table 1 employed a concurrent control group, 

and some included multiple intervention arms. Clinician interventions included vari-

ous combinations of academic detailing, performance feedback, expert presentations, 

guideline distribution, mailings and provision of patient education materials (pam-

phlets and posters). Patient and public interventions were based on CDC pamphlets 

and posters, locally developed educational materials, news media coverage and paid 

advertisements.

Outcomes for these studies are shown in table 2. The specific measures cannot 

be directly compared, but most were based on antimicrobial prescribing rates at the 
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Table 1. Controlled studies with multifaceted clinician and patient/public interventions to reduce outpatient antibiotic 

 utilization.

First author, 

year

Study 

design

Population/setting Clinician interventions Patient/public interventions

Belongia, 

2001 [25]

CBA 185 physicians and

parents in rural

communities of

northern

Wisconsin (USA)

Large and small group meetings

for clinicians; printed materials 

based on CDC principles of 

appropriate antibiotic use

CDC pamphlets and posters 

distributed to parents, childcare 

providers, schools, community 

organizations and clinics 

Belongia, 

2005 [44]

CBA Statewide program

targeting primary care 

physicians, parents

and the public in

Wisconsin (USA)

Printed materials mailed to 

physicians annually; distribution

of academic detailing packets

and annual pneumococcal 

susceptibility report; multiple 

grand rounds and conference 

presentations; distribution of 

CD-ROM slide presentation and 

clinical practice fact sheets; 

resource binder for health plans;

2 satellite broadcasts by national 

experts

Mailings to childcare providers; 

distribution of pamphlets and posters 

to pharmacies and clinics; costumed 

characters at health fairs and 

community events; radio and 

television advertisements; newspaper 

and television coverage

Doyne,

2004 [75]

RCT 11 pediatric practice

groups in area of

Cincinnati (Ohio, USA)

Presentation by CDC expert to

local opinion leaders; academic 

detailing; distribution of locally 

developed practice guidelines

Parent focus groups; CDC pamphlets, 

posters and flyers distributed to clinics

Finkelstein, 

2001 [32]

RCT 12 pediatric practice

groups affiliated with

2 managed care

organizations

Small group educational sessions 

by ‘peer leader’; follow-up visit

and performance feedback

4 months later; printed materials 

provided to clinics and

pamphlets mailed to parents

CDC pamphlet and cover letter mailed 

to families; pamphlets and posters 

distributed to clinics

Gonzales, 

1999 [17]

CBA 4 health maintenance 

organization group

practices in Denver

(Colo., USA)

Full intervention site received 

feedback of site-specific 

prescribing rates for acute 

bronchitis; small group academic 

detailing to review management

of bronchitis with clinicians

Cover letter and educational materials 

mailed to households; pamphlets and 

posters distributed to clinic exam 

rooms and waiting areas

Hennessy, 

2002 [76]

CBA Physicians, health aides, 

residents in 13 Alaskan

villages (3 regions)

Workshops for community

health aides and physicians with 

follow-up visits.

Materials distributed in village-wide 

meetings, community fairs and high-

school classrooms; newsletters sent to 

households
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population, provider or visit level. One study evaluated an intervention to reduce 

antimicrobial utilization for acute bronchitis [40], but the others addressed overall 

prescribing for acute respiratory illness. In 7 studies, prescribing measures improved 

over time in both the intervention and control groups, consistent with the secular 

trend of declining antimicrobial use. The intervention-attributable effect was modest 

overall, and it exceeded 20% in only 1 study. This was a clinic-randomized interven-

tion to improve prescribing for adult bronchitis [40] in a managed care setting. Eight 

studies reported a crude intervention-attributable effect in the range of 0–10%.

Little is known about the relationship between physician reimbursement and 

antimicrobial prescribing. One study suggested that fee-for-service reimbursement 

prompts physicians to prescribe more antimicrobials [41], but the impact of financial 

incentives has not been evaluated using controlled studies. An uncontrolled before-

after study in Rochester (N.Y., USA) evaluated an intervention that included academic 

detailing, performance feedback and financial incentives to improve management of 

acute sinusitis [42]. The financial incentive was based on a scoring system related to 

patient satisfaction (20%), efficiency (40%) and quality (40%). Up to half of the qual-

ity component was based on compliance with an acute sinusitis care pathway that 

Table 1. Continued

First author, 

year

Study 

design

Population/setting Clinician interventions Patient/public interventions

Mainous, 

2000 [23]

RCT Primary care physicians 

providing Medicaid

services to children in 

Kentucky (USA)

Intervention physicians 

randomized to receive either 

performance feedback only, 

patient education material

 only, or both.

CDC pamphlets mailed to physicians 

for patient education

Perz,

2002 [77]

CBA Children enrolled in

Medicaid in 4 counties

of Tennesse (USA) 

Clinician lectures, guideline 

distribution, physician newsletter, 

pamphlets distributed to parents 

and clinics

CDC pamphlets distributed to 

hospitals, clinics, dental offices, 

pharmacies, and parents of children in 

day care and grades K to 3 (5–9 years 

old); patient education materials 

provided to clinics 

Welschen, 

2004 [18]

RCT 100 general

practitioners

in Utrecht

(the Netherlands)

Group education meetings with 

consensus development; 

communication skills training; 

audit and feedback of

prescribing behavior; meeting

with physician assistants and 

pharmacists

Brochure and poster provided to 

waiting rooms, pharmacies and 

municipal health services

CBA = Cost-benefit analysis; RCT = randomized controlled trial.
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Table 2. Outcomes of controlled studies with multifaceted clinician and patient/public interventions to reduce outpatient 

antibiotic utilization.

First author, 

year

Comparison group Major outcome 

measure

Intervention-attributable

effect

Comment

Belongia, 

2001 [25]

1 control community

(52 physicians)

Antibiotic prescriptions

per clinician (reported 

separately for solid and 

liquid)

Solid: 11% (–19% change

in intervention group vs.

–8% change in control)

Liquid: 23% (–11% in 

intervention vs. +12% in 

control)

No effect on carriage of 

penicillin-nonsusceptible

S. pneumoniae in children 

attending day care

Belongia, 

2005 [44]

Wisconsin

vs. Minnesota (USA)

Mean number of

antibiotic prescriptions

per physician per year

0% (–20% change in both 

Wisconsin and Minnesota

from 1998–2003)

Retail sales of 

antimicrobial drugs 

(grams per capita) 

declined to a similar 

degree

in Wisconsin and 

Minnesota.

Doyne,

2004 [75]

6 control practices Ratio of antibiotic 

prescriptions filled to

number of office visits

4% (–18% change in 

intervention group vs.

–14% in control)

Academic detailing not 

effective

Finkelstein, 

2001 [32]

6 control practices Antibiotic courses

(based on pharmacy

claims data) dispensed

per person-year, reported 

separately for children

aged 3–35 months and

36–71 months

Age 3–35 months: 7% 

–19% change in

intervention group and

–12% in control)

Age 36–71 months: 10%

(–15% in intervention

group and –10% in

control)

Adjusted intervention 

effect was 16% in younger 

group

and 12% in older group 

after controlling for age, 

baseline prescribing and 

clustering by practice

Gonzales, 

1999 [17]

1 control clinic and

1 limited

intervention clinic 

(patient education

only)

% of incident acute

bronchitis visits with 

antibiotic prescription

24% (–26% for full

intervention site vs.

–2% control)

Limited intervention

(patient education only) 

had no impact on 

antibiotic prescribing

Hennessy, 

2002 [76]

2,030 residents in

control villages

Antibiotic courses per 

respiratory infection

visit

12% (–17% change in 

intervention group vs.

–5% in control)

No effect on carriage of 

penicillin-nonsusceptible

S. pneumoniae

Mainous, 

2000 [23]

62 physicians % of ARI visits with

antibiotic prescription

Education + feedback

group: 7% (+15%

change in intervention

vs. +22% in control)

Antibiotic prescribing for 

ARI increased in all groups 

after intervention; 

education + feedback was 

similar to education alone 

or feedback alone
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included initial symptomatic therapy, selection of amoxicillin as first-line antimicro-

bial treatment, and absence of imaging studies for uncomplicated sinusitis. Physicians 

scoring above the 95th percentile for the group received a 5% rebate in capitation 

withhold (a payment mechanism for physicians in the United States), and those in 

the 5th percentile or below were penalized by an additional 10% withhold. Deviations 

from the recommended care pathway declined 20% after this intervention, but most 

improvements in antimicrobial use were based on selection of appropriate first-line 

agents rather than volume of antimicrobials prescribed.

The effects of antimicrobial prescribing interventions at the state, regional or 

national level are poorly understood. In Canada, a change in reimbursement guide-

lines for fluoroquinolone use in elderly adults provided an opportunity to study 

the impact of regulatory changes at the provincial level [43]. In 1997, Nova Scotia 

implemented new requirements for additional paperwork with each fluoroquinolone 

prescription. Prescribers were required to document that the drug was being pre-

scribed for a guideline-approved use, and this documentation had to accompany the 

prescription. Data from the provincial drug claim database demonstrated that fluo-

roquinolone prescriptions in older adults declined from 20 to 4% of antimicrobial 

prescriptions, a relative decrease of 80%. The decline occurred immediately, although 

the total number of antimicrobial prescriptions remained stable.

In Wisconsin (USA), a 5-year multifaceted campaign for primary care clinicians 

and the general public was associated with a 20% reduction in antimicrobial prescrib-

ing rates, but this was identical to the decline in a comparison state (Minnesota) over 

the same time period, despite the relative absence of specific educational interven-

tions in Minnesota [44].

Several studies have evaluated strategies to improve selection of appropriate first-

line drugs or duration of treatment. One of the earliest interventions compared a 

mailed brochure with personal visits (academic detailing) to reduce prescribing of oral 

cephalosporins among Tennessee (USA) physicians with high prescribing rates [45]. 

The visits were conducted by a project pharmacist in one arm, and by a physician in 

Table 2. Continued

First author, 

year

Comparison group Major outcome 

measure

Intervention-attributable

effect

Comment

Perz,

2002 [77]

3 urban

counties

Antibiotic prescriptions

per 100 person-years

11% (–19% change in 

intervention county vs.

–8% in control counties)

Prescribing reduction was 

greatest for children

1–4 years old

Welschen, 

2004 [18]

47 general

practitioners

% of ARI visits with

antibiotic prescription

12% (–4% intervention

vs. +8% control)

Patient satisfaction was

not affected by

intervention
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the other arm. The mailed brochure had no impact on prescribing, and the drug edu-

cator visits had a modest effect. However, substantial reductions in cephalosporin use 

were observed in physicians who received an academic detailing visit from another 

physician, with an attributable intervention effect of 21% for the average number of 

patients receiving cephalosporins.

A randomized controlled trial (RCT) was conducted to improve compliance 

with pharyngitis treatment recommendations in a group of 182 general practitio-

ners in Victoria (Australia) [46]. The intervention included an educational mailing 

and academic detailing visits by the project pharmacist. Physicians were encour-

aged to use narrow spectrum antimicrobials (penicillin V, erythromycin) for tonsil-

litis. Compliance with the guidelines improved in both the intervention and control 

groups, but the improvement in the intervention group was significantly greater than 

that in the control group. In Ontario (Canada), a RCT evaluated performance feed-

back on antimicrobial prescribing along with mailed educational bulletins to encour-

age use of narrow-spectrum, first-line antimicrobials in a group of 250 physicians 

[47]. The impact was minimal: the proportion of visits involving a first-line antimi-

crobial increased by 2.6% in the intervention group and declined 1.7% in the control 

group.

In Finland, a longitudinal study was conducted to evaluate guideline compliance 

for 6 major infections (otitis media, sinusitis, pharyngitis, acute bronchitis, urinary 

tract infection, bacterial skin infection) [48]. Thirty Finnish health care centers par-

ticipated in a ‘train the trainer’ program that provided a multifaceted educational 

program for one physician from each center. Adherence to prescribing guidelines 

was a primary outcome measure, and a secondary outcome was the proportion of 

patients receiving antimicrobials by indication. The intervention generated signifi-

cant improvements in appropriate use of first-line antimicrobial agents for sinusitis, 

acute bronchitis, and urinary tract infection. Unfortunately, there was no improve-

ment in the proportion of patients receiving inappropriate antimicrobial therapy 

for upper respiratory infection, acute bronchitis or viral pharyngitis. Physicians in a 

group of 20 control health centers, which did not participate in the ‘train-the-trainer’ 

program, adhered to the prescribing guidelines about as well as physicians from the 

intervention health care centers. Overall, these results suggest that adherence to treat-

ment guidelines may be easier to achieve than an overall reduction in inappropriate 

antimicrobial use.

Clinical Decision Support to Improve Antimicrobial Prescribing

There is growing interest in clinical decision support to improve quality of care, but 

much of the research has focused on inpatient care issues. Efforts to implement and 

evaluate decision support tools for outpatient antimicrobial use have been limited. 

In rural Utah (USA), a 2-year community randomized trial compared two different 
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strategies to improve antimicrobial use for outpatient respiratory infections [49]. One 

arm of the trial received a community intervention alone, and the other arm received 

both a community intervention and a direct intervention with clinicians. The latter 

was based on decision-support tools delivered either on paper or via a personal digital 

assistant (PDA). Twelve study communities were randomly assigned to one of these 

arms, and 6 additional communities served as non-study controls. The PDA-based 

decision support tool generated diagnostic and therapeutic recommendations after 

the physician entered data on the suspected diagnosis and specific signs/symptoms. 

The decision support tools were introduced in small group meetings, and local opin-

ion leaders served as champions. Physicians were asked to use the decision support 

tools for 200 consecutive patients with acute respiratory illness, and antimicrobial 

prescribing rates were compared across groups.

During the first intervention year, there was no significant change in antimicrobial 

prescribing in any of the study arms. However, prescribing rates (based on IMS Health 

data) declined 10% from baseline during the second year in the decision support com-

munities, while the prescribing rates increased by 6% in the non-study communities 

and 1% in the education-only communities. The difference between the decision sup-

port communities and the education-only communities was statistically significant. 

The analysis based on medical record review demonstrated that the decision support 

intervention yielded an 11% absolute reduction in antimicrobial prescribing for diag-

noses where antimicrobials are not indicated, compared to a 2% absolute reduction in 

the education-only communities.

A point-of-care decision support tool was used to improve antimicrobial selec-

tion and duration of therapy for acute otitis media [50]. This was a RCT involving 

38 resident and attending physicians at a university-affiliated primary care pediatrics 

clinic in Seattle (Wash., USA) In this setting computerized prescriptions were used, 

and providers in the intervention arm received pop-up windows with evidence-based 

recommendations related to their antimicrobial selection, indication and duration of 

treatment. Providers had the option to view more detailed information or an abstract 

of the publication that was the source of the recommendation. The primary outcome 

was a reduction in duration of therapy below 10 days; a secondary outcome was a 

reduction in use of any antimicrobial for otitis media. The proportion of episodes 

treated with less than 10 days of antimicrobials increased by 44% in the intervention 

group and 10% in the control group (p < 0.01). The proportion receiving any antimi-

crobial increased 17% in the control group and 4% in the intervention group, but the 

difference across groups was of borderline significance.

Health Plan Performance Measures to Promote Improved Prescribing

One mechanism for underscoring the importance of specific medical practices is 

the public reporting of performance on selected quality of care measures. The most 
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widely used system of performance measures, the Healthcare Effectiveness Data and 

Information Set (HEDIS)®, allows for measurement of the degree to which evidence-

based medical practices are being implemented, allows purchasers and consumers 

to select health plans based on such information, and raises general awareness of the 

need to improve on measured practices.

The CDC collaborated with the National Committee for Quality Assurance in 

2001 to develop 2 HEDIS performance measures focused on antimicrobial use in the 

pediatric population. The first measure focuses on antimicrobial prescribing rates for 

upper respiratory infection and the second assesses the frequency of laboratory test-

ing (for group A Streptococcus) in children who receive antimicrobials for pharyngi-

tis. In 2005, 70% of commercially insured children who received antimicrobials for 

pharyngitis were also tested for Group A Streptococcus; the proportion was only 52% 

among those receiving services from Medicaid (the heath care program for people 

with low incomes in the United States) [51].

In 2004, the National Committee for Quality Assurance launched a second 

measure development process in conjunction with the Coalition for Affordable 

Healthcare Quality and the CDC. This measure examines antimicrobial prescrib-

ing for adults diagnosed with acute bronchitis. The first year of reporting dem-

onstrated that antimicrobial use for acute bronchitis remains unacceptably high. 

Among patients 18–64 years old, 66% (commercial insurance) and 69% (Medicaid) 

received an antimicrobial prescription within 3 days after a diagnosis of acute 

bronchitis.

AHRQ Analysis of Quality Improvement Strategies for Antimicrobial Prescribing

In 2006, the Agency for Healthcare Research and Quality (AHRQ) published a 

report on antimicrobial prescribing as a quality improvement measure (www.

ahrq.gov/clinic/tp/medigaptp.htm). This report, prepared by investigators at the 

Stanford-UCSF Evidence-Based Practice Center, systematically examined the 

effects of quality improvement strategies for reducing inappropriate outpatient 

antimicrobial use, and for reducing inappropriate selection of broad-spectrum 

agents when narrow-spectrum agents are indicated. The authors reviewed RCTs, 

controlled before-after studies, and interrupted time series studies on the deci-

sion to use antimicrobials. The primary outcomes were either the proportion of 

patients receiving any antimicrobial, or the proportion receiving a drug that was 

in accordance with recommended first-line therapy. Two reviewers independently 

abstracted data on interventions, study populations, targets and outcomes. The dif-

ferent quality improvement strategies were compared based on the median effect 

for the primary outcomes.

Fifty-four studies met the inclusion criteria, including 34 studies addressing the 

decision to prescribe antimicrobials and 26 studies focusing on selection of the 
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appropriate agent (6 studies addressed both issues). The authors concluded that the 

methodologic quality of the included studies was generally fair. Most trials were clas-

sified as RCTs, but often failed to describe the theoretical basis for interventions. The 

investigators reported the following conclusions from this analysis:

1 Quality improvement strategies are moderately effective at reducing the inappro-

priate prescribing of antimicrobials and improving the appropriate selection of 

antimicrobials. The median absolute reduction in antimicrobial use was only 8.9% 

(interquartile range 6.7–12.4%) in the reviewed studies. For studies targeting selec-

tion of the appropriate agent, the median absolute reduction was 10.6% (inter-

quartile range 3.4–18.2%).

2 Although no single quality improvement strategy is clearly superior, active clini-

cian education may be more effective in certain settings. There was no single inter-

vention or group of interventions that was highly effective. Active educational 

interventions appeared to be more effective in studies focusing on the decision to 

prescribe antimicrobials, but the difference was not significant. Surprisingly, clini-

cian education alone appeared to be less effective than clinician education plus 

audit and feedback of prescribing behavior for those studies that focused on selec-

tion of the appropriate drug.

3 Interventions targeting prescribing for all acute respiratory tract infections may 

exert a greater effect on overall prescribing than interventions targeting specific 

types of acute respiratory infections. The authors extrapolated antimicrobial 

prescribing data to the population level when possible for each study, and they 

found that interventions focused on all ARIs, rather than specific diagnoses, 

had the greatest potential impact on antimicrobial use. Interventions focused on 

particular diagnoses (such as sinusitis or pharyngitis) tended to have greater 

effect sizes at the individual level, but the population-level effects were more 

modest.

4 Study design and quality should be improved. Studies that formally evaluate the 

cost effectiveness of interventions to improve antimicrobial treatment and selec-

tion are needed, and studies should evaluate the potential harm of such interven-

tions. A substantial number of studies suffered from methodologic limitations, 

such as lack of randomization and failure to document whether the educational 

interventions were received by the participants. Multifaceted intervention studies 

generally require analysis at the level of the clinic, population, or geographic area 

(such as a city or county). Randomized studies at the clinic level are feasible and 

have proven useful for evaluation of antimicrobial prescribing interventions. 

However, randomization is often impossible at the level of communities, counties, 

or other large geographic areas due to cost considerations and limited number of 

units available for allocation. In addition, delivery of interventions is more com-

plex and difficult to measure in larger populations. As a result, non-randomized 

studies have predominated despite the methodologic superiority of group random-

ized trials.
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Doctor-Patient Communication and Its Influence on Antimicrobial Prescribing

When physicians perceive that a patient or parent expects an antimicrobial they are 

significantly more likely to inappropriately prescribe [12, 16, 52–57]. However, physi-

cian perceptions are poorly correlated with actual patient or parent expectations for 

antimicrobials [16, 53–55, 58, 59]. Although 50–70% of patients and parents expect to 

receive antimicrobials when they attend visits for ARI, only 1–6% make direct verbal 

requests for them [58, 60]. Even when no direct requests for antimicrobials are made, 

physicians still perceive an expectation 34% of the time [58]. If miscommunication 

about expectations could be avoided, much inappropriate antimicrobial prescribing 

could potentially be prevented.

In pediatrics, physician perceptions are largely predicted by various indirect par-

ent communication behaviors that occur during visits for ARI [57]. Through a series 

of qualitative studies, Stivers [61–63] identified 3 parent communication practices 

that appeared to be related to physician perceptions that parents expected antimi-

crobials. These were the parent suggesting a candidate diagnosis early in the visit, 

resisting the physician’s diagnosis in viral cases, and resisting the physician’s non-

antimicrobial treatment plans [61–63]. Presenting a candidate diagnosis involves 

the parent suggesting their child has a diagnosis where antimicrobials are commonly 

prescribed, for example ‘I think he’s got sinusitis again,’ rather then just listing their 

child’s symptoms, ‘She has a cough and a runny nose’. Diagnosis resistance occurs 

when the parent questions the physician’s diagnosis. Treatment resistance is when 

the parent questions the physician’s treatment plan. Confirming what Stivers hypoth-

esized based on qualitative analyses, a recent quantitative study showed that parents 

who use candidate diagnoses are significantly more likely to expect antimicrobials 

(27% increase) and be perceived as expecting them (9% increase) [64]. Surprisingly, 

parents who expect antimicrobials are no more likely to question their child’s phy-

sician about non-antimicrobial treatment plans than parents without expectations. 

Whether parents expect antimicrobials or not, they are significantly more likely to be 

perceived as expecting antimicrobials (20% increase) when they question the physi-

cian’s treatment plan [64]. These findings may explain some of the gap between actual 

and perceived expectations.

Parent questioning of non-antimicrobial treatment plans is largely determined by 

how physicians present these plans to them. Stivers identified 2 main ways that physi-

cians present non-antimicrobial treatment plans during visits for ARI: positively for-

matted treatment plans (e.g. ‘You can try running a humidifier in her room at night 

to settle the cough down’) and negatively formatted or ‘rule-out’ treatment plans (e.g. 

‘An antibiotic isn’t going to touch this thing’) [63]. When physicians use negatively 

formatted treatment plans and rule-out the need for antimicrobials, parents are sig-

nificantly more likely to question the plan (24% increase) [64]. Thus, focusing treat-

ment plans on what parents can do to make their child feel better rather then on why 

antimicrobials are unnecessary decreases parent questioning of treatment plans and 
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may decrease inappropriate antimicrobial prescribing that results from physicians 

perceiving pressure to prescribe.

Although much of the work examining the relationship between communica-

tion practices and inappropriate antimicrobial prescribing has been conducted in the 

pediatric setting, many of the findings apply to the adult medical setting as well [60]. 

Adult patients similarly employ candidate diagnoses to indirectly communicate their 

expectations for antimicrobials, but also use additional communication practices in 

this regard. Scott et al. [60] found adults most frequently portray their illness as being 

severe and thus in need of treatment beyond what they have tried at home, for exam-

ple ‘I just can’t shake it, Doc’. They also appeal to non-medical circumstances such 

as going out of town on a vacation, or noting that the last time they had this illness 

another physician in the same office treated with an antimicrobial and it seemed to 

work.

Communication, Satisfaction and Antimicrobial Prescribing

Contrary to commonly held beliefs among medical professionals, providing an 

antimicrobial prescription is unlikely to result in a satisfied patient or parent in the 

absence of high-quality communication [11, 65]. In visits for ARI, parent satisfaction 

is most strongly related to the quality of communication during the visit, rather than 

unfulfilled expectations for antimicrobials [11, 56]. Among parents who don’t receive 

expected antimicrobials, those offered a contingency plan from the physician (i.e. the 

possibility of receiving antimicrobials in the future if their child does not get better) 

have a higher mean satisfaction score than parents not receiving a contingency plan 

(76 vs. 59% on a 0–100% scale; p < 0.05) [58]. Parents who receive a contingency plan 

also trend toward having higher mean satisfaction than parents who receive antimi-

crobials (76 vs. 65%; p = 0.07). This suggests that physicians should consider provid-

ing a contingency plan to parents who question non-antimicrobial treatment plans as 

it may preserve or enhance their satisfaction with the visit and prevent inappropriate 

antimicrobial prescribing.

Among adult patients, satisfaction similarly is not related to receiving expected 

antimicrobials [16, 55]. Rather, it is strongly associated with how well physicians 

explain things during the visit and how much time they spend with the patient.

Communication-Based Interventions to Decrease Inappropriate Antimicrobial 

Prescribing

Data on the effectiveness of communication-based interventions aimed at decreas-

ing inappropriate antimicrobial prescribing are sparse. One multi-faceted interven-

tion trial included a communication skills training session for physicians [66]. The 
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communication skills included exploring patient worries and expectations, and 

informing patients about the natural course of symptoms, self-medication and alarm 

symptoms that indicated the need for a return visit. Although physicians in the treat-

ment arm significantly reduced their rates of inappropriate antimicrobial prescribing, 

it is difficult to know how much of this improvement was attributable to the commu-

nication training they received as opposed to other interventions employed, such as 

small group meetings and performance feedback.

The relationships between doctor-patient (or doctor-parent) communication, 

inappropriate prescribing and satisfaction are complex. Figure 1 represents a sum-

mary of research findings to date and suggests some key leverage points for future 

interventions aimed at improving communication during medical encounters for 

ARI. As shown in the figure, a communication practice called ‘online commentary’ 

shows promise for potentially decreasing rates of inappropriate antimicrobial pre-

scribing [67]. This physician communication practice consists of describing what is 

being seen, felt or heard during the physical examination of the patient. The 2 pri-

mary types of online commentary are: (1) online commentary suggesting a problem 

on physical examination (‘problem’ online commentary), for example ‘That cough 

sounds very chesty’, and (2) online commentary that indicates the physical exami-

nation findings are not problematic (‘no problem’ online commentary), for example 

‘Her throat is only slightly red’.

D 24% D 20%

CI 6–34% CI 8–40% 

Physician treatment

recommendation

Negatively formatted

recommendation

(antibiotics are ruled out)

Parent

questions

treatment

plan

MD

perceives

parent

expects

antibiotics

Physician follow-up plan

Offers contingency plan 

Parent

satisfaction

with care

Physician

communication

Parent

communication

MD

perceptions
Outcomes

Inappropriate

antibiotic

prescribing

Mean increase from 65 to 76% (0–100 scale) 

Physician online

commentary

Use of Problematic

Online

Increase in inappropriate Rx 
from 27 to 91% 

D 32%

CI 16–47% 

Fig. 1. The relationships between physician-parent communication, physician perceptions, inap-

propriate antimicrobial prescribing and satisfaction.
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In one study, antimicrobials were prescribed 91% of the time in cases where the 

presumed diagnosis was viral and the physician used at least some ‘problem’ online 

commentary. In contrast, when physicians exclusively used ‘no problem’ online com-

mentary in such cases, antimicrobials were prescribed only 27% of the time. Use 

of ‘no problem’ online commentary did not add significantly to visit length [68]. 

Thus ‘no problem’ online commentary is a communication technique that may pro-

vide an effective and efficient method for resisting perceived pressure to prescribe 

antimicrobials.

Physician-patient/parent communication is clearly associated with inappropriate 

antimicrobial prescribing. Future interventions must continue to address these com-

munication issues if we are to make further progress in addressing this serious public 

health problem.

Future Directions

The impact of educational interventions on appropriate antimicrobial prescribing has 

been modest at best, and the sustainability of intervention effects is largely unknown. 

Research to date has not identified any single intervention that will substantially 

reduce antimicrobial prescribing in all clinical settings. Factors limiting the generaliz-

ability of results include poorly defined targets for prescribing, variation in geographic 

scope of interventions, organizational priorities and limited funding. Well-designed, 

RCTs are needed to evaluate novel approaches to improve outpatient antimicrobial 

utilization, including economic incentives and formulary restrictions. These inter-

ventions must substantially reduce antimicrobial prescribing for viral illness without 

limiting appropriate antimicrobial use for bacterial infections. Such a goal is justified 

as a quality of care measure even if the impact on resistant infections is uncertain.

We must acquire a better understanding of macro-level factors that contribute to 

inappropriate antimicrobial use, including social/cultural health beliefs and prac-

tices, pharmaceutical marketing, and organizational policies such as return-to-work, 

return-to-school and child care attendance [27, 69, 70]. In addition, pharmaceutical 

companies, health care systems, medical schools, residency programs and managed 

care organizations must all work collaboratively to produce lasting change in antimi-

crobial prescribing habits.

Reframing antimicrobial prescribing as quality initiatives (e.g. HEDIS measures) 

may motivate managed care organizations to monitor prescribing rates and promote 

careful antimicrobial use through educational and policy interventions. In particular, 

the combination of educational strategies with organizational policies, formularies 

and antimicrobial stewardship programs may promote appropriate antimicrobial uti-

lization [71–74]. There will be an ongoing need for education, promotion of appropri-

ate vaccination and institutional infection-control practices as important components 

of the long-term effort to combat antimicrobial resistance.
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Abstract
Antimicrobial resistance is a major public health concern worldwide, especially in health care facili-

ties. Resistance is driven by inadequate hospital hygiene (especially lapses in hand washing), selec-

tive pressures due to over-usage of antibiotics, failures of host immunity and mobile genetic elements 

that can encode bacterial resistance. Alcohol-based hand rubs are effective and time saving for health 

care workers and offer the chance to greatly improve hand hygiene adherence. Antibiotic steward-

ship and computer-based ordering are the most effective interventions to improve antibiotic use. 

Identification and isolation of the ‘resistance iceberg’ is often used, especially for outbreak control. 

Cleansing patients and disinfecting the environment can contribute to control efforts. Prevention of 

device-related infections may provide the best return on investment for control of resistance. A num-

ber of novel approaches to resistance control are on the horizon; however, basic infection control 

tenets offer the best approach for the present. Copyright © 2010 S. Karger AG, Basel

Overview

Antimicrobial resistance in health care facilities is a global public health concern. Over 

70% of bacterial pathogens found in US hospitals are resistant to at least 1 antibiotic, 

and more than 14,000 patients die annually from resistant nosocomial infections. 

Antimicrobial-resistant microorganisms can be associated with increased mortality 

and morbidity, prolonged hospital stay and higher costs. For example, patients with 

bacteremia caused by methicillin-resistant Staphylococcus aureus (MRSA) have longer 

hospitalizations and higher hospital costs and mortality than do patients with bacter-

emia caused by methicillin-susceptible S. aureus. Fear of resistance leads physicians to 

prescribe newer, more expensive antibiotics, costing at least USD 4–5 billion in 1998 

in the United States. The combination of highly susceptible patients, prolonged and 

complex antibiotic use, cross infection due to poor infection control practices (espe-

cially lapses in hand hygiene), and shuttling of patients infected with resistant patho-

gens between nursing homes and hospitals has resulted in nosocomial infections with 

highly resistant strains.
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The goals of this chapter are to review factors that contribute to nosocomial anti-

microbial resistance and to outline approaches to control, prevention and eradication 

of antimicrobial resistance in health care settings.

Antibiotic Control

Starting Antibiotics

Many of the factors related to antimicrobial resistance stem from the misuse of anti-

microbials. Twenty-five million pounds of antibiotics are produced each year, and 

these drugs are administered to 30–50% of hospitalized patients. Surveys have shown 

that as much as 50% of all antimicrobial use is inappropriate.

Improving antimicrobial use can be defined as ensuring the optimal selection, dos-

age and duration of antimicrobial treatment that results in the best clinical outcome 

for the treatment and prevention of infection, with minimal toxicity to the patient and 

minimal impact on subsequent resistance [1] (fig. 1). This goal could be achieved when 

an infectious process is identified accurately with appropriate culture and susceptibil-

ity testing; then the appropriate treatment modalities are applied which include the 

right antibiotic, removal of unneeded or infected invasive devices, and debridement 

and drainage of infected tissue. The initial choice of antibiotic should be based on the 

knowledge of hospital- and ward-specific antimicrobial susceptibility patterns.

Many strategies have been developed to manage institutional antibiotic use, based on 

observations that lessening antibiotic pressures can lead to improvements in resistance 

Patient evaluation

Choice of antimicrobial to prescribe

Prescription ordering

Dispensing of antimicrobial

Education/guideline strategies

Antibiotic cycling strategies

Formulary/restriction strategies

Computer-assisted strategies

Review and feedback strategies

Fig. 1. Antimicrobial prescribing process and antimicrobial stewardship strategies. From MacDougall 

and Polk [1].
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patterns. The milestone study by Price and Sleigh [2] showed that complete cessation 

of antibiotic usage on a neurosurgical intensive care unit (ICU) ended an outbreak of 

multidrug-resistant Klebsiella infection and reduced the rate of infection with other 

organisms. Most intervention studies aimed at control of resistant organisms also have 

included improved infection control efforts and have had quasi-experimental ‘before/

after’ study designs, making it difficult to attribute cause and effect entirely to the anti-

biotic controls. Often, the 2 measures, antibiotic and infection control, are interrelated 

and difficult to separate, both in practice and in analysis of impact.

In one study, a restrictive antibiotic policy was introduced in response to a noso-

comial outbreak of multi-resistant Acinetobacter spp. that persisted despite infection-

control procedures. Prior approval was required for use of amikacin, ceftazidime, 

ciprofloxacin, fluconazole, oflaxacin or ticarcillin/clavulanate, even in ICUs. Resistant 

Acinetobacter and also many β-lactam- or fluroquinolone-resistant Enterobacteriaceae 

were controlled, and there was a 32% decrease in expenditure for parenteral antibiot-

ics. Researchers noted no detrimental effect on survival, time to discharge, length of 

ICU stay or time to receive appropriate antibiotics despite the restrictions. The cost of 

implementing the policy was less than USD 150,000 per year and the projected annual 

savings were USD 900,000 [3]. Using less restrictive policies (i.e. real-time review of 

orders and feedback to prescribers by a pharmacist and/or infectious diseases fellow), 

one group noted 50% of patients initially treated with costly parenteral antibiotics 

had their regimens refined and that the modifications resulted in significant reduc-

tions in antibiotic expenses without sacrificing patient care [4].

The era of electronic information technology has made computer provider order 

entry an option for effecting antibiotic stewardship. Computer programs offer the 

medical provider guidance in a non-judgmental and fact-based format and can 

change the prescribing habits of the clinicians dramatically. Evans et al. [5] devised 

a computer-assisted program, linked to patients’ electronic medical records, that 

provides detailed recommendations and warnings to prescribing clinicians. In a 12 

month study of that system, there was a significant reduction in prescribed antibiotic 

doses, side effects, costs and durations of hospital stay [5].

Duration of Antibiotic Therapy

Even with optimal antibiotic choices, duration of therapy may drive resistance. ICUs 

are resistance epicenters. About 62% of patients in the ICU receive antimicrobials; 

half receive more than one antibiotic, and ~65% are treated for pulmonary infec-

tions, which are present in only 35–75% of those being treated. In one study, in order 

to minimize the excessive use of antimicrobials in treatment of ventilator-associated 

pneumonia (VAP), a predictive clinical pulmonary infection score (CPIS) – a simple 

score based on temperature, white blood cell count, character of pulmonary secre-

tions, O2 requirements, and diffuseness of infiltrates – was devised. Patients with 
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a CPIS <6 were treated with ciprofloxacin monotherapy for 72 h and if the score 

remained <6, ciprofloxacin was discontinued. Eighty percent of those patients with 

low scores when therapy was started maintained low scores (i.e. putative absence of 

VAP), were able to stop antibiotics, and did well [6]. Further studies are required to 

validate the use of the CPIS and efficacy of shorter duration of antibiotics in VAP. Of 

note, in a multi-center trial, patients with VAP were randomized to 8 versus 15 days of 

antibiotic therapy [7]. The primary outcome measures – death from any cause, micro-

biologically documented pulmonary infection recurrence and antibiotic-free days – 

were assessed 28 days after VAP onset. The outcomes were similar for both groups. 

However, among those patients with recurrent infection, multi-resistant pathogens 

emerged less frequently in patients treated for 8 versus15 days (42.1 vs. 62%) [7].

Antibiotic Rotation

Antibiotic rotation is an old intervention that has re-emerged in an attempt to con-

trol resistance, particularly in closed units such as ICUs. Antibiotic cycling is based 

on deliberate removal and substitution of antimicrobial classes to avoid monolithic 

selective pressures and hopefully decrease or reverse the emergence of resistance. The 

hypothesis is that if resistance occurs to one antibiotic over a period of time, expo-

sure to another antibiotic with different mechanism of action and resistance for the 

next period will remove any advantage for the resistant organisms. The potential for 

application of this theory was illustrated by Gerding [8], who due to high rates of gen-

tamicin resistance among Gram-negative bacilli, substituted amikacin for gentamicin 

in the hospital formulary at 2 separate points in a 10-year period at the Minneapolis 

Veterans Affairs Medical Center. Coincident with these formulary changes, there were 

significant decreases in the rate of gentamicin resistance in Gram-negative bacilli [8].

Martinez et al. [9] compared monthly cycling to patient-level mixing strategies in 

2 ICUs. Cefepime-resistant Pseudomonas aeruginosa occurred more frequently dur-

ing mixing (9%) versus cycling (3%), but methodologic issues may have lessened the 

validity of this finding and of the results of the other cycling studies. Most cycling 

studies have had limited effect on overall antibiotic use and adherence to cycling 

usually has been incomplete. The jury remains out on the value of this strategy.

Infection-Control Practices

Hand Hygiene

Nosocomial transmission of pathogens, including resistant organisms, is attributed 

in large part to poor hand hygiene by personnel (compliance level), number of con-

tacts (contact rate) and high ‘colonization pressure’ (frequency of bacterial carriage 
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by adjacent patients). Hand hygiene is cited as the single most important nosoco-

mial infection control measure; however, adherence is very low, often not more than 

25–50%. The major features associated with poor adherence have been inadequate 

time due to heavy workloads, intensity of care, time of day, low nurse-to-patient ratios 

and avoidance of adverse skin effects caused by repeated hand washing.

Efforts to insure adherence mostly have used educational programs, hand hygiene 

campaigns, and a focus on use of emollient-rich alcohol-based hand rub rather than 

soap-and-water (to decrease deleterious effects on skin). Effective hand washing with 

soap and water requires 45–90 s and a sink. Alcohol-based hand rubs take 10–30 s, 

can be applied as health care workers move between patients and do not require a 

sink. In order to generate high compliance, programs may benefit from a combina-

tion of educational campaigns, observation and direct health care worker feedback, 

development of a sense of personal responsibility by health care workers, and sanc-

tions for non-adherence. Although, at least in the short run, use of alcohol hand rub 

has not resolved the issue of adherence, persistence and insistence by hospital leaders, 

including enforced remedial infection control education for health care workers who 

are not adherent, may improve hand hygiene rates.

Universal gloving has been shown to decrease the chance of health care worker 

hand contamination with patients’ flora by 70–80%, and it can be an important 

adjunct to hand hygiene to control transmission of resistant organisms. As coloniza-

tion pressure increases, very high hand hygiene adherence will be needed to control 

cross-transmission. In the landmark study of the role of colonization pressure in the 

spread of vancomycin-resistant Enterococcus (VRE), time to acquisition of VRE was 

shorter with high colonization pressure [10]. In such settings, universal gloving may 

be particularly valuable.

Gowns

Health care workers hands may not be the only source of transmission. The contami-

nated clothing of health care workers may also contribute to transmission of organ-

isms. One study showed that 37% of health care worker’s gowns were contaminated 

with VRE after care of a colonized patient. Another study has shown that 40% of the 

time, health care workers’ gowns were contaminated with MRSA or VRE after car-

ing for colonized patients and that gowns prevented clothing contamination. ‘White 

coats’ become contaminated with VRE or MRSA after examining a patient and the 

organisms may be transferred to the health care workers’ hands 27% of the time after 

touching the coat [11]. In some health care settings, long-sleeved clothing has been 

banned for infection control purposes.

Boyce et al. [12] showed containment of an outbreak of VRE only after mandating 

that health care workers wear gowns when caring for patients with VRE. However, 

that study described a clonal (single-strain) outbreak, used historical controls, and 
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did not monitor compliance with glove or gown precautions at baseline or during the 

intervention periods [12]. Several studies have shown lower rates of patients becom-

ing culture-positive when health care workers wore gowns and gloves compared 

to gloves only. At least one of the studies had implemented multiple interventions, 

including decreased use of cephalosporin and clindamycin in addition to gowning, 

so it is difficult to attribute the decreased rate solely to gowning. Slaughter et al. [13] 

in a trial that was methodologically more rigorous, showed universal gloving to be as 

effective as use of gowns and gloves for control of endemic VRE. Gowning may be 

most useful in hospitals where there is a single-strain outbreak or when environmen-

tal contamination is high [13].

Source Control

Patient Cleansing

Decontamination of patients’ skin and the environment also can be important 

infection-control measures. VRE can be transferred from contaminated sites in the 

environment or on patients’ intact skin to clean sites via health care worker hands 

or gloves in 11% of opportunities. An adjunctive approach to reducing risks of cross-

transmission is ‘source control’ by decontamination of patients’ skin. In the 1970s, 

a retrospective study in response to a US Food and Drug Administration require-

ment to discontinue cleansing neonates with hexachlorophene suggested that such 

cleansing had prevented outbreaks of neonatal staphylococcal disease. Using antisep-

tics, such as octonedine dihydrochloride, chlorhexidine or triclosan, for whole-body 

washing, investigators have demonstrated a reduction in rates of colonization and 

infection with MRSA in hospitalized patients.

In 2 recent studies, 2% chlorhexidine gluconate was used to cleanse patients in 

medical ICUs. Compared to soap-and-water bathing, chlorhexidine cleanings reduced 

levels of VRE on patients’ skin, on health care workers’ hands, and on environmental 

surfaces. Rates of bloodstream infections also were markedly reduced [14]. Potential 

problems – development of chlorhexidine-resistant organisms or occurrence of aller-

gic reactions – were not observed in these studies [14]. Source control, for example 

with chlorhexidine, can be an important adjunctive measure to reduce transmission 

of and infections due to resistant organisms in ICUs.

Environmental Disinfection

Hospitalized patients are surrounded by devices, equipment and environmental 

surfaces from which antimicrobial-resistant organisms can be recovered frequently. 

Equipment carried by health care workers (e.g. stethoscopes, tourniquets, otoscopes 

and pagers) can become contaminated and may act as potential vectors for trans-

mission of resistant organisms. Environmental contamination is a particular problem 

when microbes have environmental durability. VRE, Acinetobacter, and Clostridium 
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difficile can persist on hospital surfaces and equipement – bed rails, ear and rectal 

probe thermometers, pulse oximeters, doorknobs, tables over beds, wheelchairs, lin-

ens and computer keyboards – for days to months.

S. aureus also has been isolated from a variety of equipment and environmental 

surfaces, stethoscopes, tables over beds, blood pressure cuffs, hydrotherapy tanks, 

mops and charts. One study found that 73% of the hospital rooms containing patients 

infected with MRSA (and 69% containing colonized patients) had environmental 

contamination with MRSA [15]. The gloves of the nurses were contaminated with 

MRSA 42% of the time just by touching a room surface [15]. In burn units, expo-

sure to contaminated surfaces or therapy tanks has been identified as a risk factor for 

transmission of resistant bacteria.

The environment as the source of transmission of infection has not been the focus 

of many intervention studies. Hayden et al. [16] used VRE as a marker organism, 

investigating the effects of improved environmental cleaning with and without pro-

motion of hand hygiene adherence on the spread of VRE in a medical ICU. The inves-

tigators concluded that improving environmental cleaning from 48–87% of monitored 

sites cleaned led to a reduction in the rate of VRE acquisition of >60%.

Decreasing environmental contamination can help to control the spread of VRE 

and possibly other resistant pathogens in hospitals. When developing cleaning poli-

cies, health care facilities should consider the amount of contact with patients, for 

example areas with frequent hand contact such as bed rails and door knobs may be 

targeted for cleaning and monitoring [17].

Disinfectants

Most surface disinfectants, such as quaternary ammonium compounds and pheno-

lics, are active against resistant organisms such as MRSA and VRE; however, the dis-

infectants need to be used in proper amounts and dilutions, and contact times with 

surfaces need to be sufficient and consistent [17]. Some equipment and instruments 

– such as stethoscopes, blood pressure cuffs and other portable equipment – could 

be cleaned with 70% isopropyl alcohol, which decreases the bacterial counts signifi-

cantly [17].

Silver and its compounds have been used as antimicrobial agents since the 1800s. 

Silver sulfadiazine is the most common form of silver compound used for burns. 

Silver-based compounds also have been studied for environmental disinfection. 

Brady et al. [18] compared the durability and efficacy of silver disinfectant to more 

common disinfectants, such as quaternary ammonium disinfectants. Silver disinfec-

tant had the greatest antimicrobial kinetics and spectrum of activity with a persistent 

antimicrobial residue.

Silver is also being studied as an antimicrobial powder which could be applied on 

surfaces. This technology has been used in Japan in ceramics containing silver ions in 

the form of silver zeolite and silver zirconium phosphate for food preservation, disin-

fection of medical supplies, and decontamination of surfaces of medical equipment, 
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kitchenware and toys. The silver and zinc-containing matrix (AgION) as a coating for 

stainless steel was tested for antimicrobial efficacy against Escherichia coli, S. aureus, 

Pseudomonas and Listeria monocytogenes. AgION reduced microbial colony-forming 

units when compared to uncoated steel surfaces under all conditions; furthermore, 

powder-coated surfaces retained a high degree of activity after 5 cycles of cleaning 

with soap and water or dry towel dusting. Silver as a disinfectant coating for hospital 

and clinic environmental surfaces such as door knobs, bed rails, counters and instru-

ments warrants evaluation to assess its efficacy and durability.

Potable Water

Waterborne nosocomial outbreaks have been described in multiple studies. Reuter 

et al. [19] showed that in their ICU, 35% of all cases of acquired colonization with P. 

aeruginosa originated from contaminated tap water and that retrograde contamina-

tion of faucets by patients occurred in 15% of cases. They conclude that contamina-

tion of faucets with P. aeruginosa is an important source of endemic P. aeruginosa 

[19]. Use of alcohol-based hand rubs rather than soap and water for routine hand 

disinfection by all health care workers may reduce transmission from faucets.

Isolation Precautions

Attempts to control the spread of resistant organisms rely on improving use of antibi-

otics, increasing hand hygiene among health care workers and identifying and isolat-

ing patients who harbor resistant organisms. Such patients are not always infected or 

symptomatic; the majority may just be colonized. Identification of the silent reservoir 

of resistant organism (the ‘resistance iceberg’) could be accomplished by active sur-

veillance and implementation of contact precaution, which can help to prevent the 

spread of resistance (fig. 2) [20].

Many studies have shown that in the setting of multiple (simultaneous or sequen-

tial) interventions, implementation of surveillance cultures to identify colonized 

patients has led to a significant reduction in rates of colonization and infection of 

patients with MRSA or VRE. One study compared the rate of transmission of MRSA 

from colonized patients who were identified by active surveillance and placed in con-

tact precaution with that from patients who were colonized but not yet identified or 

isolated. The rate of transmission was 15.6-fold higher for patients not identified to 

be colonized and for whom standard precautions were being used [21].

Active Surveillance and Isolation

In order for isolation measures to work, the resistant organism must be recognized. 

The importance of active surveillance for colonization and not relying on routine 
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microbiological cultures from infections has been demonstrated in a hospital with 

an MRSA outbreak. A clonal outbreak of MRSA in a hospital was the cause of 40% 

of all hospital-acquired S. aureus bloodstream infections and 49% of all S. aureus 

surgical-site infections. During the first 3 years of the outbreak, patients with MRSA 

were identified for isolation mainly by diagnostic cultures. The incidence of infection 

and prevalence of colonization with MRSA continued to rise. Once active surveil-

lance cultures were implemented to detect and isolate patients colonized but not yet 

infected by the outbreak strain, the rate of colonization and infection dropped signifi-

cantly [22].

The relative contribution of active surveillance cultures and isolation to control 

of resistance has been debated. The Society for Healthcare Epidemiology of America 

(SHEA) recommended routine use of active surveillance cultures and contact precau-

tions for control of VRE and MRSA; however, the Centers for Disease Control and 

Prevention (CDC) isolation guidelines recommend this as one of several approaches 

to be implemented based on evaluation of impact of control efforts [17]. A review of 

studies on effectiveness of active surveillance and isolation measures in management 

of MRSA in hospitals described major methodological weaknesses. In most studies, 

multiple interventions were introduced at the same time, therefore the role of active 

surveillance and isolation measures alone could not be assessed [23]. Moreover, sev-

eral studies have shown that patients placed in isolation were seen about half as often 
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Fig. 2. Dynamics of nosocomial resistance. Many resistant bacteria colonize patients in an occult 

manner and are spread from patient to patient on hands of health care workers. The other factors 

(e.g. environmental contamination) contribute to the spread of resistant bacteria. Adapted from 

Weinstein and Kabins [20].
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as patients who were not in isolation, which particularly means less frequent care and 

possibly a psychological sense of isolation and which may suggest the mechanism by 

which active surveillance cultures and isolation contain MRSA (i.e. no contact, no 

transmission).

Rapid Detection

Although the jury may be out on effectiveness of active surveillance and isolation in 

controlling endemic resistant-organism spread, studies have shown that in outbreak 

settings these measures along with other interventions are important to control the 

outbreak. Technology may aid in efforts to control spread of resistant bacteria. Rapid 

and sensitive DNA-based tests for detection of resistant organisms such as MRSA and 

VRE may facilitate the identification of patients who are colonized or infected. But the 

infection control cost-benefit of such molecular probes has not been demonstrated.

In addition, availability of electronic medical records could make the process of 

identification (‘flagging’), notification and tracking of the carriers of resistant organ-

isms more efficient, convenient and accurate, so that appropriate infection control 

measures can be implemented.

Prevention of Infection to Prevent Resistance

Device-Related Infections

The application of infection control measures to prevent spread of resistant organisms 

may never be perfect, and even when control of resistance is nearly perfect there has 

been a striking lack of correlation of resistance and overall nosocomial infection rates. 

For example, those countries which have used active surveillance to almost eliminate 

MRSA have overall nosocomial infection rates similar to those of the United States, 

where MRSA is often rampant. This suggests that greater emphasis should be placed 

on prevention of infection, specifically related to devices.

Prevention of central venous catheter (CVC)-related infection has been under 

extensive study. In the United States, approximately 80,000 CVC-related bloodstream 

infections, representing 5.3 infections per 1,000 catheter days, are reported annually 

in ICUs [24]. Mortality associated with these infections ranges from 10–25%. CDC 

guidelines for prevention of CVC-related bloodstream infections based on evidence-

based research emphasize 5 preventive measures: educating personnel about insert-

ing lines; removing catheters that are not needed or not used; chlorhexidine prep for 

disinfection of the site; using maximum barrier precautions during catheter insertion; 

and use of antiseptic- or anti-infective-coated catheters if after full implementation of 

all the above, the goals are not met [24]. ‘Bundling’ such interventions, each of which 
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is evidence-based, can virtually eliminate CVC-related bloodstream infections, even 

without use of anti-infective catheters. The future of preventing device related infec-

tions may be in recent advances made in understanding bacterial pathogenicity and 

identification of virulence factors. Bacteria communicate with each other through 

specific signaling chemicals to act as a community, rather than individual cells, to 

achieve a critical density or a ‘quorum’. Once the quorum has been established, it can 

signal to turn on a variety of virulence factors that are essential for dissemination of 

the organisms and to form biofilms, that are considered to be integral to development 

of catheter-related infections. Prevention of quorum-sensing to prevent biofilm for-

mation may be the future of prevention of catheter-related infections.

Host Defense

Prevention of infection also depends on the host defense system. Making the host less 

susceptible to infection could prevent infection. One very productive area of research 

has been on tight glucose control and prevention of infection post-operatively or in 

ICUs. Continuous i.v. insulin infusion produced a significant decrease in the risk of 

deep sternal wound infection after coronary artery bypass surgery. Intensive glucose 

control with i.v. insulin has also been shown in a randomized control trial to signifi-

cantly reduce sepsis and other morbidities in critically ill patients [25], though this 

has not been a universal finding.

Future Approaches

Future approaches may focus on systems, cells and vaccines. First, it is conventional 

wisdom that bioinformatics will facilitate and reduce the time to retrieve appropri-

ate and needed information, can be harnessed to provide patient-specific recommen-

dations that will help physicians make sound decisions, and will assist monitoring 

patients with resistant organisms. This conventional wisdom now needs to be widely 

applied and tested.

Second, a cellular approach to combat resistance may be to ‘cure resistant bac-

teria’ through genetic modification. For example, when plasmids that contain syn-

thetic genes coding for small oligoribonucleotides (called external guide sequences or 

EGSs) are introduced into antibiotic-resistant E. coli, the EGSs complex with mRNA 

encoded by genes responsible for drug resistance; when the complexes are cleaved, 

resistance is inactivated [26].

Third, development of vaccines against nosocomial bacteria for high-risk patients 

is the Holy Grail quest. A conjugate vaccine conferred partial immunity against S. 

aureus bacteremia in hemodialysis patients for 40 days but durable immunity was not 

achieved.
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Abstract
Antibiotic resistant bacteria are a significant problem of public health importance, and are respon-

sible for substantial hospital morbidity, mortality and cost. Estimates of cost vary, however, depend-

ing on the organism of interest, the study design and other factors. Most previous cost studies 

focused on antibiotic resistance as it impacts healthcare facility costs. Differences in design and 

methods make comparisons between these studies difficult, and there are clear limitations in the 

methodology frequently used in these analyses. Significant improvement is needed in studies of the 

cost of antimicrobial resistance, including more rigorous design and analytical methods, to generate 

more reliable estimates of the real cost of antibiotic resistance. Collaboration with economic experts 

will aid in producing more accurate cost estimates that can be used to guide healthcare administra-

tion decisions and resource utilization. Copyright © 2010 S. Karger AG, Basel

Antibiotic-resistant bacteria are an increasing problem of public health importance in 

both hospital and community settings. According to the Centers for Disease Control 

and Prevention’s (CDC) National Healthcare Safety Network (NHSN) in 2007, 56.2% 

of S. aureus isolates were resistant to oxacillin and 33.3% of enterococci were resistant 

to vancomycin [1]. Begun in 2005 and replacing the National Nosocomial Infections 

Surveillance System (NNIS), the NHSN is a voluntary national surveillance system 

that tracks patient and healthcare personnel safety. The NHSN data demonstrate that 

antibiotic resistance continues to increase significantly in hospitals and especially in 

intensive care units (ICUs). When comparing NNIS antibiotic susceptibility data from 

1998–2002 to data from 2003, there was a 12% increase in enterococci resistance to 

vancomycin and an 11% increase in S. aureus resistance to methicillin. Resistance 

in Klebsiella pneumoniae and Pseudomonas aeruginosa to third generation cepha-

losporins increased 47 and 20%, respectively, during the same time frame [2].

According to the CDC, 70% of bacteria causing hospital-acquired infections 

are resistant to at least one of the antibiotics commonly used to treat healthcare 



Cost of Antimicrobial Resistance in Healthcare Settings 103

associated infections [3]. Previous studies have shown antibiotic-resistant infections 

to be associated with increased length of hospital stay and cost, and increased attrib-

utable mortality, although results vary [4–9]. Methods, designs and outcomes of stud-

ies on antibiotic-resistant organisms vary among the published literature. Despite 

the increasing prevalence of antibiotic-resistant organisms, their full health and eco-

nomic impacts have not been adequately explored [7]. There is a need to perform 

more extensive research on the economic impact and outcomes of antibiotic resis-

tance in diverse settings.

Global Estimates of Cost

Questions are often raised about what should be considered a part of the cost of anti-

microbial resistance. In the United States, the Office of Technology Assessment esti-

mated that the incremental cost of antimicrobial resistance in hospitals was USD 661 

million (in 1992 dollars), but this estimate only included the marginal costs associated 

with antibiotic-resistant infections. If all costs, including fixed costs and the increased 

drug costs associated with changing empiric therapy were included, this estimate would 

have been larger. Current estimates place the national costs of antimicrobial resistance 

between USD 100 million and USD 30 billion annually in the United States [10].

Perspective

Previous research on antimicrobial resistance has considered cost from the perspec-

tive of the hospital and health-care system, since these costs are more readily available 

for analysis. Direct costs of resistance include spending on isolating patients, staffing 

(nurses, doctors, infection control practitioners, etc.), laboratory tests, antimicrobials 

and patient procedures, as well as the additional expense associated with increased 

length of hospital stay [11]. While this approach is valuable, it may also be important 

to include impacts outside of the hospital, including time spent in nursing homes, lost 

wages and other indirect costs. Society ultimately pays the price for increased resis-

tance, in terms of disease burden and quality of life, but hospitals in particular are 

responsible for funding interventions to stem the spread of resistant organisms.

Literature Review

Methicillin-Resistant Staphylococcus aureus

In terms of cost, MRSA is by far the most studied antibiotic-resistant organism (table 

1). Reported costs vary widely between studies due to differences in study populations, 
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Table 1. The economic cost associated with methicillin-resistant Staphylococcus aureus

Year First author 

[Ref ]

Population Sample 

size, n

Type of 

infection

Cost results

1988 Wakefield [12] tertiary-care, teaching 

hospital inpatients

58 multiple mean cost of MRSA infection 

(USD 7,481) significantly higher 

than MSSA (USD 2,377, p < 0.001)

1999 Abramson [18] tertiary-care, teaching 

hospital inpatients

38 bloodstream attributable cost of MRSA 

bloodstream infection (USD 

27,083) significantly higher 

than MSSA bloodstream 

infection (USD 9,661, 

p = 0.043)

1999 Chaix [19] urban tertiary-care 

teaching hospital: 

medical ICU patients

54 multiple mean attributable cost of MRSA 

infection was USD 9,725 

compared to patients without 

MRSA colonization or infection

1999 Rubin [13] administrative data: 

inpatients from New York 

City hospitals

13,550 multiple cost difference between MRSA 

and MSSA patients was USD 

2,500

2001 Kim [45] urban tertiary-care 

teaching hospital 

inpatients

20 multiple attributable cost to treat a 

MRSA infection was USD 14,360

2003 Capitano [16] long-term care facility 

residents

90 multiple infection cost for MRSA (USD 

2,607) higher than infection 

cost for MSSA (USD 1,332, 

p<0.001)

2003 Engemann [9] tertiary-care teaching 

hospital surgical 

inpatients

479 surgical site 

infection

MRSA SSI associated with 

additional cost of USD 13,901 

compared to MSSA SSI

2004 Kopp [21] inpatients 72 multiple median hospital cost of 

patients with MSSA (USD 

12,862) less than that of 

MRSA patients (USD 16,575), 

but not significant (p = 0.11)

2004 McHugh [4] urban tertiary-care 

hospital inpatients

60 bloodstream USD 5,302 higher cost per 

patient day for MRSA patients 

compared to MSSA patients 

for patients with a Case Mix 

Index >2

2005 Cosgrove [22] urban teaching hospital 

inpatients

348 bloodstream USD 3,836 average attributable 

hospital cost for patients with 

MRSA
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sample sizes and methods, which makes direct comparisons of these studies difficult. 

However, there are clear limitations to many of the studies currently available.

Early studies of costs attributable to MRSA were relatively unsophisticated in their 

design and analyses, but they do shed light on an increasing concern. Wakefield et al. 

[12] examined 58 patients with S. aureus infection at a university hospital; 10 of these 

patients had MRSA infection. Cost data was obtained by chart review and compiled 

into 3 categories: laboratory, antibiotic and per diem costs. Costs were calculated by 

summing direct costs attributable to laboratory tests and equipment, antibiotic use, 

and days of hospital stay attributable to S. aureus infection. Total costs in these cat-

egories were compared between MRSA and methicillin-sensitive S. aureus (MSSA) 

infections by analysis of variance (ANOVA), and the mean cost attributable to MRSA 

infection was significantly higher than MSSA infection (USD 7,481 vs. USD 2,377, p 

< 0.001). While the study was small in size, it suggested there were significant differ-

ences in the costs associated with MRSA and MSSA infections.

In 1999, Rubin et al. [13] performed one of the largest studies to date address-

ing the issue of higher costs associated with MRSA infection. This study utilized 

an administrative database to obtain cases of S. aureus infection, including blood-

stream infections, pneumonia, endocarditis and surgical site infections. While the 

use of administrative data was innovative, several assumptions were made which sig-

nificantly limit the results. Any missing information in the data set was artificially 

estimated by a ‘clinical panel’ of 4 infectious disease physicians. For example, the 

database did not specifically differentiate between MRSA and MSSA infections, so 

Table 1. Continued

Year First author 

[Ref ]

Population Sample 

size, n

Type of 

infection

Cost results

2005 Lodise [24] urban teaching hospital 

inpatients

273 bloodstream cost of MRSA infection (USD 

21,577) significantly higher than 

MSSA infection (USD 11,668, p = 

0.001)

2005 Reed [23] teaching hospital 

hemodialysis inpatients

143 bloodstream mean adjusted costs for MRSA 

(USD 21,251) significantly 

higher than MSSA (USD 13,978, 

p=0.012)

2009 Ben-David [25] tertiary care hospital 

inpatients

182 consecutive 

patients

bloodstream significant difference found 

using multivariate analysis 

(higher cost following infection: 

USD 17,603 vs. USD 51,492); 

difference not significant when 

using propensity scoring
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the clinical panel estimated the differences in resource use between MRSA and MSSA 

patients and applied that difference to the average cost of a S. aureus infection, which 

was available. 13,550 cases of S. aureus infection were included in the analysis. The 

attributable cost of a MRSA infection was estimated to be USD 2,500 more than that 

of MSSA (USD 34,000 vs. USD 31,500). The authors noted their cost estimate was 

approximate, and further study was needed.

Other MRSA cost studies have performed only crude assessments. Kim et al. [14] 

examined the expense of controlling MRSA in an urban university hospital. Both 

MRSA-infected and MRSA-colonized patients were included in the study. For MRSA-

infected patients, costs attributable to MRSA infection were determined by calculat-

ing the days of hospitalization attributable to infection, using the Appropriateness 

Evaluation Protocol [15]. All costs for days during a MRSA hospitalization were con-

sidered attributable to MRSA. For patients who were MRSA-colonized without infec-

tion, the impact of MRSA was calculated using the cost of isolation for the total number 

of days spent in contact isolation. There were 20 patients with MRSA infection, and the 

mean attributable cost of MRSA infection for these patients was USD 14,360. Seventy-

nine patients were colonized with MRSA but not infected, and the estimated mean cost 

of isolation was USD 1,363 per admission. The main limitations of this analysis were 

the small sample size and the lack of a control group for statistical comparisons.

McHugh and Riley [4] examined the cost and risk factors of MRSA bloodstream 

infection using a 1:2 case-control design. Hospitalized patients with MSSA blood-

stream infection served as controls. Non-parametric univariate tests were used for 

comparisons of cost estimates. An attempt was made to control for severity of illness 

in the analysis by stratifying by the Case Mix Index. For patients with a Case Mix 

Index ≤2 (lower severity of illness), costs per patient day between MRSA and MSSA 

patients were not different (USD 2,715 vs. USD 2,462, respectively). However, for 

patients with a Case Mix Index >2, MRSA cost USD 5,302 more per patient day than 

controls (p < 0.001). This study had a small sample size (20 cases and 40 controls), 

and no other adjustment for confounders. The use of Case Mix Index as a severity of 

illness measure also has not been well validated.

Capitano et al. [16] also used non-parametric univariate tests to analyze cost data 

in an analysis of MSSA and MRSA infections in a 375-bed long-term care facility. All 

patients with a positive culture for S. aureus in combination with clinical symptoms 

were included in the study. Ninety patients with S. aureus infection were included in 

the analysis; 49 with MSSA and 41 with MRSA. Only resources thought to be ‘infec-

tion-related’ were included as costs, based on the criteria outlined by a standardized 

data collection tool. Cost data for a relapse within a 30-day time period of the original 

infection was included. The overall cost associated with a MRSA infection was 1.95 

times higher than that of MSSA infection (USD 2,607 vs. USD 1,332, respectively; p 

< 0.001). This study was the first to provide a cost estimate of managing MRSA infec-

tion within a long-term care facility and accounted for relapse costs associated with 

the initial infection.
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Matched case-control studies are one way to control for confounding in cost 

studies [17]. Abramson and Sexton [18] performed a matched case-control study of 

inpatients at a university medical center, comparing patients with MRSA and MSSA 

bloodstream infection to hospitalized controls without a bloodstream infection. 

Patients were matched on primary diagnosis (determined from ICD-9 codes), total 

number of secondary diagnoses, age, gender and area of the hospital to which they 

were admitted. Ten patients with MRSA and 11 patients with MSSA were successfully 

matched to controls; 2 patients with MRSA bloodstream infection were excluded as 

appropriate matches could not be found. Hospital costs were compared using univar-

iate nonparametric analyses. Results showed the median attributable cost of MSSA 

bloodstream infection was USD 9,661 and MRSA bloodstream infection was USD 

27,083 (p = 0.043). While matching allowed for adjustment for some confounders, 

the extremely small sample size was a major limitation.

Chaix et al. [19] also performed a matched study which examined the attributable 

cost of MRSA infection using a medical ICU population in a French university hos-

pital. Cases had ICU-acquired MRSA infection, and controls were patients without 

evidence of MRSA colonization or infection. Cases and controls were matched on 

age, severity of illness, and the number of organ system failures when admitted to the 

ICU. Due to different reimbursement methods in France, estimated costs for each 

patient were determined based on a previously developed model [20]. Twenty-seven 

MRSA patients and 27 matched controls were randomly chosen for study inclusion. 

Cost data was analyzed using non-parametric univariate tests, and the median total 

cost for MRSA cases was USD 9,275 more than for control patients. Small sample size 

and matched design were the main limitations to this study. The estimation of costs 

instead of using actual costs may also be a weakness in this analysis.

One of the major limitations of matched studies is the loss of cases due to a lack 

of appropriate matches in the control group [17]. Kopp et al. [21] performed a study 

of patients with multiple types of S. aureus infection in which MRSA patients were 

matched to MSSA patients on infection site, ICU care and age. They analyzed 36 

matched pairs. Eleven patients with MRSA and 12 patients with MSSA infection 

were excluded due to lack of appropriate matches. Hospital costs were analyzed using 

non-parametric univariate tests. While median costs of patients with MRSA infection 

(USD 16,575) were higher than those of MSSA patients (USD 12,862), this differ-

ence was not significant (p = 0.11). The small sample size and matched design are 

a concern, as there was no control for underlying comorbidity in the analysis. The 

exclusion of 23 patients with S. aureus infection may also have biased cost estimates 

by eliminating nearly a fourth of patients from the sample.

Regression modeling is one method to adjust for confounding without match-

ing. Engemann et al. [9] used multivariate linear regression to examine the economic 

outcome of MRSA surgical-site infections in a large academic medical center. Case 

patients (n = 121) with MRSA surgical site infection were compared to two con-

trol groups: patients with MSSA surgical-site infection (n = 165) and those without 
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surgical site infection (n = 193). Cost analysis included any re-admissions within 90 

days associated with the S. aureus surgical site infection. Regression was used to per-

form cost analyses, and the mean attributable cost of methicillin resistance was USD 

13,901 per S. aureus surgical-site infection. This was one of the first studies to address 

costs associated with MRSA infection in patients with surgical site infection.

Cosgrove et al. [22] also performed a prospective cohort study of patients admitted 

to an urban teaching hospital. The cohort included patients with S. aureus bloodstream 

infection. Patients with MRSA were compared to patients with MSSA. Severity of ill-

ness was measured by the McCabe and Jackson score as assigned by a data collector 

blinded to the patients’ MRSA or MSSA status. Hospital charges were collected and 

costs were estimated using the hospital cost-to-charge ratio. Only hospital charges 

following the episode of bloodstream infection were used for analysis and were log-

transformed to be analyzed by linear regression. Ninety-six MRSA patients and 252 

MSSA patients were included in the analysis. After adjustment for confounders in the 

multivariate model, including underlying comorbidities, McCabe score, and surgical 

procedures prior to S. aureus bloodstream infection, the attributable cost of MRSA 

bloodstream infection was USD 3,836. A large sample size, clear study design and 

case definitions, and multivariate adjustment of confounders were the strengths of 

this study.

Reed et al. [23] examined S. aureus bloodstream infection in a cohort of hemo-

dialysis patients admitted to a university hospital. This prospective cohort study 

was unique in that propensity scores were used to adjust for confounding. Cost data 

included costs from the index hospitalization, as well as costs from subsequent infec-

tion-related hospitalizations within 12 weeks of the initial episode, outpatient visits 

and physician fees. The multivariate cost analysis was restricted to patients whose total 

inpatient costs could be attributed to the bloodstream infection, meaning patients 

were excluded from analysis if their admission was for a reason other than S. aureus 

bloodstream infection. Fifty-four MRSA and 89 MSSA bloodstream infections were 

included in the analysis, and the attributable cost of MRSA bloodstream infection 

(USD 21,251) was found to be significantly higher than that of MSSA bloodstream 

infection (USD 13,978, p = 0.012) in this analysis. The major strength of this study 

was the use of propensity scores in the regression models to adjust for unmeasured 

confounders. The choice of hemodialysis patients as the study group limits the ability 

to expand the results to other populations. However, hemodialysis patients have an 

increased prevalence of MRSA and bloodstream infection, and there is little data on 

cost of bloodstream infection in these patients.

Lodise and McKinnon [24] conducted a retrospective cohort study at a teaching 

hospital in Detroit, again focusing on the differences in cost associated with MRSA 

and MSSA bloodstream infection. Data was retrospectively collected from charts, 

including severity of illness as measured by the APACHE II score, calculated at the 

time of infection. Cost data were obtained from the hospital’s finance department and 

analyzed using analysis of covariance (ANCOVA). Only the costs of those patients 



Cost of Antimicrobial Resistance in Healthcare Settings 109

who did not die due to S. aureus bacteremia were included in the cost analysis (n = 

273), although no reason for this exclusion was provided. After adjustment for con-

founding, the mean cost of hospitalization for MRSA bloodstream infection patients 

(USD 21,577) was significantly higher than the cost of hospitalization of patients with 

MSSA bloodstream infection (USD 11,688, p = 0.001). The large sample size of this 

study is clearly a strength, but the choice of ANCOVA is unusual and not a common 

method used by economists to analyze cost data.

A recent retrospective cohort study of 182 patients at a tertiary care hospital exam-

ined the impact of methicillin resistance on bloodstream infection cost [25]. While 

patients with MRSA bloodstream infections had longer hospital and ICU length of 

stay, after adjustment by propensity score, no significant cost difference was seen 

between the 2 groups. The difference was significant when multivariable adjustment 

was used: compared with ICU patients with MSSA bloodstream infections, those with 

such infections with MRSA had a higher median total hospital cost (USD 42,137 vs. 

USD 113,852), higher hospital cost after infection (USD 17,603 vs. USD 51,492), and 

greater length of stay after infection (10.5 vs. 20.5 days).

Vancomycin-Resistant Enterococci

There are fewer studies in the literature examining the cost of vancomycin-resistant 

enterococci (VRE) infections, although many of the same methodological issues 

from the MRSA studies exist in VRE analyses. Estimates of the cost attributable to 

VRE colonization and infection are varied, ranging from USD 12,000 to USD 77,000 

(table 2).

Stosor et al. [26] examined 53 patients with vancomycin-sensitive (VSE) and 

resistant Enterococcus faecium bloodstream infections in an urban teaching hospi-

tal. Thirty-two patients had VSE and 21 had VRE bloodstream infection, and the 

hospitalization costs of VRE patients were, on average, USD 27,000 higher than the 

hospitalization costs of VSE patients (p = 0.04). A major weakness of this study was 

the use of the Student’s t test to analyze costs, which assumes normality of data. Cost 

data in general are not normally distributed, and no mention was made in the study 

whether or not the cost data were transformed to achieve a normal distribution. The 

t test also will not allow adjustment for confounders, and the small sample size may 

have affected estimates.

The study performed by Webb et al. [27] is subject to some of the same criticisms. 

This case-control study was performed at an urban, tertiary-care medical center and 

included any inpatient infected or colonized with VRE (n = 262) or VSE (n = 157) 

over a 2-year period. Comparisons were made between VRE and VSE patients using 

the Student’s t test. The case mix index was used as a severity of illness measure. 

Among patients with a Case Mix Index >3, differences between the costs per day for 

VRE and VSE patients were not significant. For patients with a Case Mix Index ≤3, 
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the mean cost per day difference between cases and controls was USD 252 (p < 0.05). 

While the large sample size was a strong point, the choice of analysis was a weakness. 

The authors stated that multivariate analysis had been performed, but no difference 

was found between cases and controls, and none of these results were published.

Carmeli et al. [5] found lower costs associated with VRE using a matched case-

control study design. This retrospective study analyzed patients with a clinical culture 

positive for VRE (n = 233) compared to patients without a positive clinical culture 

for VRE (n = 647). A propensity score was calculated to adjust for unmeasured con-

founding, and log-transformed costs were analyzed by linear regression. The hospital 

cost attributable to VRE was USD 12,766 (p < 0.001). The matched design excluded 

18 patients with VRE, although adequate matches were found for the rest of this large 

Table 2. The economic cost associated with VRE

Year First author 

[Ref ]

Population Sample 

size, n

Type of 

infection

Cost results

1998 Stosor [26] urban teaching hospital 

inpatients

51 bloodstream mean cost of hospitalization for 

patients with VSE infection was 

significantly less than the cost for 

VRE infection patients (USD 

56,707 vs. USD 83,897, 

respectively)

2001 Webb [27] urban tertiary-care 

hospital inpatients

419 colonization and/or 

infection with E. 

faecium

USD 252 difference in cost per 

day between patients with VRE 

and those with VSE if Case Mix 

Index ≤3

2002 Carmeli [5] urban teaching hospital 

inpatients

880 colonization and/or 

infection

additional hospital cost 

attributable to VRE was USD 

12,766 (p < 0.001)

2002 Pelz [28] university hospital medical 

and surgical ICU patients

34 multiple cost of VRE infection (USD 

33,251) not significantly more 

than VSE (USD 21,914)

2003 Song [29] urban teaching hospital 

inpatients

554 bloodstream median hospital charge for VRE 

bloodstream infection patients 

was USD 77,558 higher than 

that of patients without a 

bloodstream infection

2009 Butler [30] university hospital non-

surgical inpatients

21,154 bloodstream the attributable costs of 

vancomycin resistance were 

between USD 1,546 and USD 

1,713
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population. The use of a propensity score to adjust for confounding was a positive 

feature of this analysis.

Pelz et al. [28] examined attributable costs and outcomes of infections with VRE 

in medical and surgical ICU patients during a 3 month period. Of 117 patients 

admitted, 34 developed infection with either VSE or VRE. Six patients had VRE, 16 

had VSE, and an additional 6 patients had an infection with both organisms. Charge 

data from patients was converted to cost by the hospital’s cost/charge ratio and were 

log-transformed to achieve a normal distribution. Cost data were analyzed by mul-

tivariate linear regression and median regression, and VRE and VSE infection were 

found to be significant predictors of cost in this population. However, the cost of 

VRE infection (USD 33,251) and VSE infection (USD 21,914) were not significantly 

different from one another. A small sample size was the main limitation of this study 

and may have prevented finding a significant difference in cost between VRE and 

VSE infections.

A larger study examined patients with VRE bloodstream infections compared 

to matched controls without bloodstream infection [29]. Controls were matched 

to cases on age, year of admission, days of hospitalization prior to the diagnosis of 

bloodstream infection, principal diagnosis and primary procedure (by ICD-9 codes), 

and APR-DRG (All Patient Refined Diagnosis Related Groups codes). Hospital 

charges were used in the cost analysis, and costs attributable to VRE bloodstream 

infection were determined by calculating the difference between median costs of case 

and control patients. From 1993 through 2000, 316 patients developed VRE blood-

stream infection, and 277 were matched on at least 4 or more of the previous criteria. 

In this matched group, the difference in cost between cases and controls was USD 

77,558, considered the attributable cost of VRE bloodstream infection. However, a 

significant limitation of this analysis is the lack of further adjustment for additional 

comorbid conditions and procedures beyond the ICD-9 code matching. The use of 

APR-DRG was useful as a severity of illness adjustment in this administrative data-

base, but as the authors noted, it has generally not been well validated as a severity of 

illness measure.

A recent retrospective cohort examined the attributable cost of enterococcal 

bloodstream infections in 21,154 non-surgical patients admitted to an academic 

medical center between 2002 and 2003 [30]. Using administrative data, attributable 

hospital costs and length of stay were estimated using 2 statistical methods: multivari-

ate generalized least squares (GLS) models and propensity score matched-pairs. The 

attributable costs of vancomycin-resistance were USD 1,713 in the GLS model and 

USD 1,546 using a propensity-score weighted GLS model. Attributable length of stay 

ranged from 2.2 to 3.5 days for VRE bloodstream infection cases. The use of read-

ily available administrative data and validated coding methods are strengths to this 

analysis, in addition to the large sample size and inclusion of non-ICU patients. In 

addition, results were consistent using 2 analysis techniques, adding strength to their 

findings.
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Multidrug-Resistant Gram-Negative Pathogens

Few studies have examined the economic impact of resistant Gram-negative colo-

nization or infection (table 3). Cosgrove et al. [8] studied the health and economic 

impact of the emergence of resistant Enterobacter species. In this study, all 477 

enrolled patients had baseline infection with third generation cephalosporin-suscep-

tible Enterobacter species. Forty-nine cases had a subsequent infection with resistant 

Enterobacter, and were matched to controls with susceptible infection based on site of 

infection and pre-infection length of stay. Median hospital charges were USD 40,406 

for controls and USD 79,323 for cases. After adjusting for comorbidities, severity 

of illness and other important factors, emergence of resistance accounted for USD 

29,379 in hospital charges and 9 excess days of hospitalization compared to controls. 

The relatively small number of cases is a limitation in this study.

Carmeli et al. [6] also examined the health and economic outcomes of antimicro-

bial resistance in Pseudomonas aeruginosa. Cases with Pseudomonas resistant to any of 

4 study drugs (n = 144) were compared to 345 controls with susceptible Pseudomonas. 

They found no difference in hospital length of stay, mortality or costs. Using log trans-

formed costs, the mean daily hospital charge was USD 2,059. Additional analyses were 

conducted to assess the impact of emerging resistance compared to baseline resistance, 

but emerging resistance was not associated with increased cost either.

Wilson et al. [31] looked at the direct costs attributable to multi-drug resistant 

Acinetobacter baumannii on an adult burn unit. This case-control study compared 34 

patients with A. baumannii infection to 34 controls with similar severity of illness but 

susceptible A. baumannii infection, all hospitalized on the burn unit. Case patients 

had a longer length of stay, and the mean total hospital costs were USD 98,575 greater 

for the case patients. The mean cost per hospital day was USD 5,607 for cases and USD 

4,017 for controls (p < 0.01). While this study is important because it is the first to 

examine the cost of A. baumannii, it has several limitations. The authors only examine 

total hospital costs, and were unable to look at the breakdown of these expenses and 

the drivers of increased cost in the case patients. While both case and control patients 

had burns over >20% of their body surface area, control patients were selected from 

the calendar year prior to the case patients. This difference could bias the study, since 

differences in practice, staffing and procedures could influence results. In addition, 

this method may not sufficiently control for severity of illness and comorbidities.

Methodological Issues

Much debate exists regarding suitable study design and control selection to appro-

priately assess the attributable cost of antibiotic-resistant infections. Previous studies 

have utilized patients with antibiotic-resistant infection as cases and those with anti-

biotic-susceptible infections with the same organism as controls [4, 6, 8, 28, 32, 33]. 
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This method provides answers about risk factors and outcomes for the emergence of 

antibiotic resistance among patients previously infected with a susceptible organism, 

but it does not address the attributable cost of antibiotic resistance among hospital-

ized patients. In addition, many studies only examine the cost of resistance in ICU 

patients. While this information is useful, there is a need to estimate the costs of anti-

biotic resistance in other settings, including the community, long-term care facilities, 

non-ICU patients, hospital-wide and on a patient and society level. Most prior work 

has measured cost only from the perspective of the health-care system, using admin-

istrative records as these data are readily available. While the use of hospital admin-

istrative data is helpful, it does not capture the full cost of resistance. Outpatient and 

long-term costs are not captured in these estimates.

Table 3. The economic cost associated with multidrug-resistant Gram-negative organisms

Year First author 

[Ref ]

Population Sample 

size, n

Type of 

infection

Cost results

1999 Carmeli [6] inpatient with clinical 

culture popsitive for 

P. aeruginosa

489 colonization and/or infection 

with P. aeruginosa

while associated with 

longer length of stay, 

neither baseline nor 

emergence of resistance 

was associated with 

increased hospital charges 

2002 Cosgrove [8] inpatients with clinical 

culture positive for 

Enterobacter species plus 

antibiotics during 

hospitalization

477 colonization and/or infection 

with Enterobacter species

median hospital charges 

for patients with resistant 

Enterobacter species was 

significantly higher than 

those with susceptible 

Enterobacter (USD 79, 323 

vs. USD 40,406); mean 

attributable hospital 

charge for emergence of 

resistance was USD 29,379

2003 Stone [46] infant inpatients in a level 

III–IV NICU

562 ESBL-producing 

K. pneumoniae

the cost of the outbreak 

was USD 341,751, 

including health-care 

worker time and longer 

length of stay for those 

infected 

2004 Wilson [31] inpatients in adult burn 

unit of academic public 

teaching hospital

68 multidrug-resistant A. 

baumannii

mean total hospital costs 

were USD 98,575 greater 

for cases with multidrug-

resistant A. baumannii
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Many prior studies of the costs of antibiotic resistance have had very small sample 

sizes, limiting the power of these studies. Having larger sample sizes to thoroughly 

examine the research question of interest, increase the power of the study and decrease 

the standard error of the cost estimates is important. The use of retrospective cost and 

patient data can also be a limitation. Results can also be biased by missing or incom-

plete data collection. Using prospectively collected data when feasible to minimize 

these biases and limitations would be the optimal method. However, prospective 

studies can be difficult and expensive to conduct.

The cost of antibiotic resistance can be examined using several study designs. Case 

control and cohort studies are both options; each study design has strengths and limi-

tations for analyzing the financial impact of antibiotic resistance. The majority of pre-

vious studies in this area have utilized a matched case-control design. This method 

has limitations: it requires a larger sample of controls to find adequate matches for 

cases, and unmatched cases must be discarded, which limits the sample size and over-

all power of the study. In addition, bias can be introduced if controlling for confound-

ers is inadequate.

Use of cohort methodology can enhance the power, generalizability and application 

of the results. Those with resistant infections can be compared to both patients with 

no infection and those with infection attributable to sensitive organisms. However, 

if there is a low prevalence of the organism of interest, the large sample size required 

to capture adequate numbers of infected patients could be prohibitive. In addition, 

there are selection issues associated with cohort studies. Patients with infections may 

be systematically different than those without, and this difference must be dealt with 

methodologically.

Adjusting for underlying severity of illness is also important when assessing the 

cost of antibiotic resistance. Risk factors for acquiring a resistant infection include 

long ICU length of stay and prior treatment with antibiotics, which are both markers 

for increased severity of illness. This implies that patients with resistant infections are 

sicker to begin with, making separating the costs associated with resistance from those 

associated with underlying severity of illness important. This can be accomplished 

by matching patients based on severity of illness indicators including comorbidities 

and length of stay, or by calculating a severity of illness score for all patients, such as 

the Acute Physiology and Chronic Health Evaluations (APACHE II). Of note, most 

severity of illness indicators and chronic disease scores were not developed for risk 

adjustment in analysis of antibiotic-resistant infections. Different measures may need 

to be developed for more appropriate severity of illness adjustment in these studies.

Propensity scores can also be used to control for confounding and evaluate the 

model used to build the score [25, 30]. Ordinary least squares regression is one 

possible statistical method used for calculating the cost of resistance. While this 

method can control for potential confounders, it has several limitations, including 

the potential misspecification of the model and potential bias due to variables being 

omitted from the regression model. Additionally, costs must be log transformed and 
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heteroskedasticity, or differing variance, must be addressed. Additional methods for 

analyzing cost data include 2-stage models, the use of the General Linear Model, and 

survival analysis.

Cost of Prevention

Preventing transmission of antibiotic-resistant organisms comes at a price. The 

CDC currently recommends private patient rooms, contact precautions with gown 

and glove use, and appropriate hand hygiene for the care of all patients colo-

nized or infected with antibiotic-resistant organisms [34]. Systematic screening of 

hospitalized patients for colonization with certain antibiotic-resistant organisms, 

referred to as active surveillance, has also be proposed in the USA and is being 

employed in several European countries [35]. The cost of these interventions 

includes time and energy required by health-care workers to implement infection 

prevention measures, managing isolation rooms, cohorting and availability of iso-

lation rooms, and participation in educational interventions. Most infection pre-

vention programs involve a combination of contact precautions for colonized or 

infected patients, use of decolonization therapy for patients colonized with certain 

organisms, active surveillance cultures, and improving hand hygiene compliance 

[36].

The study by Chaix et al. [19] examined the cost of MRSA screening cultures 

and contact isolation practices in a medical ICU. Costs of the infection-control 

program, which included screening at-risk patients at admission, weekly surveil-

lance cultures, contact precaution, and hand washing, were computed by summing 

the cost of supplies, labor, and other operating costs. The total cost of infection-

control measures per patient ranged from USD 340 to USD 1,480. Based on the 

current MRSA prevalence in the ICU (4%) and an estimate of the effectiveness of 

contact precautions (reduced MRSA transmission and infection by 15-fold), the 

authors concluded the MRSA screening cultures and isolation practices were cost 

effective. In sensitivity analyses, to remain cost effective, a higher MRSA preva-

lence on admission would be needed (up to 14%) if the effectiveness of contact 

precautions were reduced and if fewer infections occurred as a result of MRSA 

exposure.

Another study evaluated the cost-benefit of a VRE infection-control program 

in an adult oncology unit [37]. The program consisted of 15 different components, 

including VRE surveillance cultures, contact precautions for VRE-colonized or 

VRE–infected patients, designated nursing staff for VRE patients, and hand hygiene 

observations. The 8 months before the start of the infection-control program was the 

comparison time period for the study. The total cost of the infection-control program 

for 1 year was determined to be USD 116,515. A saving of USD 123,081 was estimated 

for a reduction in VRE bloodstream infections, USD 2,755 for fewer VRE-colonized 
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patients, and USD 179,997 for decreased use of antibiotics. This yielded a yearly cost 

savings of more than USD 189,000.

Puzniak et al. [38] performed a cost-benefit analysis to investigate the cost of gown 

use to control VRE in a medical intensive care unit population. The study was per-

formed during a period of active surveillance for VRE. Costs of gowns and staff time 

to comply with gown use were estimated for an 18-month period and were com-

pared to a 12-month period when only glove use was required. The annual total cost 

of glove use only versus the addition of gowns was USD 105,821 and USD 179,816, 

respectively. They determined that 58 cases of VRE-colonization and 6 cases of 

VRE-bacteremia were prevented by the use of gowns during the study period. After 

accounting for the cost of gowns compared to the cost of averted VRE, the yearly net 

benefit of gown use was USD 419,346.

Perhaps one of the most strict prevention programs has been instituted in the 

Netherlands, where all patients are initially suspected to be MRSA colonized and are 

isolated until proven otherwise. All MRSA-positive patients and healthcare workers 

are given a 6-month decolonization therapy regimen, and patient wards are closed 

until all patients and healthcare workers are proven to be MRSA-negative. The preva-

lence of MRSA in the Netherlands has remained at less than 1% [39]. Vriens et al. [40] 

estimated the cost of their institutional MRSA-prevention program at EUR 2,800,000 

over the course of a 10-year period, or approximately USD 339,000 per year. However, 

without this program, the expenditure associated with using additional antibiotics to 

treat antibiotic-resistant infections would be nearly double that amount, potentially 

justifying such a strict program to prevent the spread of MRSA.

In all of these studies, the probabilities of certain events were assumed. The accu-

racy of the estimates of the probability of transmission and infection, effectiveness 

of contact precautions, and cost of infection and prevention measures will influence 

the conclusions of these studies. There is always a level of uncertainty with these 

estimates [41], therefore using sensitivity analysis to determine the effect of vary-

ing these estimates with the least amount of bias is important. For example, Jernigan 

et al. [42] reported a 15-fold decrease in MRSA transmission for patients on con-

tact precautions, and this value has been used as an estimate for effectiveness of this 

intervention [19]. While the outcome of the Jernigan study is not in question, this 

study was performed during the time of an outbreak with heightened sensitivity to 

infection-control measures. Since that time, many antibiotic-resistant organisms have 

become endemic in health-care institutions, and contact precautions are utilized on 

a routine basis. Adherence to contact precautions is not always optimal [43], and the 

estimate by Jernigan et al. [42] may be an overestimate of their effectiveness in some 

settings. Choosing the appropriate probability of events that most closely reflects the 

population under study should be the goal to maximize the validity of these types of 

studies.
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Future Directions

There are several areas that need to be studied to further our knowledge of the cost 

of antimicrobial resistance. Most studies currently focus on the cost associated with 

MRSA. There are few studies in the literature concerning the economic impact asso-

ciated with VRE, multidrug-resistant Gram-negative pathogens, or Clostridium dif-

ficile-associated disease. Existing evidence suggests these organisms may significantly 

impact morbidity and mortality and increase costs. Additional research focusing on 

these understudied antibiotic-resistant pathogens is warranted.

Most currently available studies of the costs of antibiotic resistance are narrow in 

scope because the analysis is limited to 1 type of infection with a particular antibiotic-

resistant organism in a single ICU unit within 1 hospital. Results from these single-

center studies are difficult to generalize to other populations. Multicenter studies are 

needed to produce more generalizable and reliable cost estimates [44]. In addition, 

a great deal of health-care is delivered outside of hospitals in rehabilitation facilities, 

outpatient clinics and long-term care facilities [7, 44], yet few studies focus on these 

settings or aspects of cost. Antibiotic resistance is a significant problem for many of 

these other health-care facilities and further study is needed in these areas.

As previously highlighted, many cost estimates have limited accuracy and general-

izability because of the study methods used. While matched case-control studies are 

intended to create comparable case and control groups, they may introduce bias by 

limiting the number of participants in a study to those who have matches and often 

do not adequately control for confounding. The selection of the control group is also 

crucial in obtaining accurate estimates, as previously described. Cohort studies may 

be a more appropriate study design for cost studies, though appropriate control of 

confounding is necessary. The utilization of propensity scores may be one method to 

control for residual confounding in these types of studies. Streamlined methods which 

are made available to others may also aid in producing comparable estimates between 

studies. Additionally, the use of easily accessible and uniformly available administra-

tive data could make reproducibility of studies possible across many settings.

Large multicenter studies are needed to examine the influence of hospital type and 

geographic location on cost and resistance. The use of administrative databases will 

allow for studies with large samples sizes, which will increase study power and allow 

for more complex economic and statistical analysis. Additionally, long-term studies 

will allow for the detection of change over time.

Economic studies often require special expertise and may require a multidisci-

plinary approach to achieve reliable results. Expanding the traditional research team 

to include health-care economists and others trained in outcomes research may be 

necessary to appropriately analyze and interpret economic data. Fostering communi-

cation between these groups will aid in producing accurate cost analyses which will 

help guide future decisions concerning the management, prevention and control of 

antimicrobial resistance.
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Abstract
There has been a dramatic increase in the use of mass drug administration to reduce the morbidity 

associated with helminth infections of humans, raising the likelihood that anthelmintic resistance 

may become a public health concern of the future. After highlighting the scope and magnitude of 

the chemotherapy-based helminth control programs presently in place, this chapter emphasizes 

the mechanisms of action of the main anthelmintic drugs in use and how resistance may develop. 

To date, the most established population-based mass drug administration campaigns have been 

against the filarial parasites which cause human onchocerciasis and lymphatic filariasis. The molec-

ular and parasitological evidence suggesting the presence of drug resistance in human filarial 

parasites is reviewed and factors influencing the spread of drug resistant parasites are discussed, 

taking examples from veterinary helminths and the use of mathematical models. In particular, the 

public health impact of the development of resistance by soil-transmitted helminths, such as 

hookworm, is a real concern. Implications of the development of anthelmintic resistance are dis-

cussed in relation to existing control programs, emphasizing how their monitoring and evaluation 

is essential to prevent it becoming a major public health concern of the future.

Copyright © 2010 S. Karger AG, Basel

Drug resistance is the bane of all chemotherapy-based control programs. Its rapid 

evolution and spread can quickly render ineffective public health measures which 

rely on mass drug administration (MDA), wasting valuable health resources whilst 

failing to control infection and reduce the burden of disease. The dramatic and 

widespread resistance to many classes of antiparasitic drug provides a warning that, 



Spread of Anthelmintic Resistance 121

without correct management of chemotherapy-based control programs, pharmaco-

logical advances can quickly become obsolete.

Anthelmintic resistance is defined as a heritable change in a population of worms 

that enables them to survive drug treatments that are generally effective against the 

same species and stage of infection at the same dose rate [1]. In practical terms, resis-

tance is present in a population of parasites when the efficacy of the drug falls below 

that which is historically expected (when all other factors are the same). Such changes 

occur slowly, usually over many years, and are the direct result of natural selection on 

parasite populations in response to drug treatments. This stands in contrast to drug 

tolerance, where the drug is not highly effective against a particular parasitic stage 

or worm species at the first exposure to the drug. Genetic data suggest that alleles of 

genes that confer resistance exist in worm populations prior to the introduction of 

the drug. The same allele that is linked to benzimidazole resistance is found in a wide 

variety of resistant lines, implying that resistance arose once and then spread as a neu-

tral allele [2]. Since new mutations are not required, selection for resistance is most 

accurately viewed as the loss of susceptibility, rather than the gain of resistance [3].

Many parasitic nematodes have biological and genetic features that favor the devel-

opment of anthelmintic resistance. Of considerable importance is the exceptionally 

high level of genetic diversity seen in most parasites that reproduce sexually and that 

parasitize mobile vertebrate hosts [4]. Short life cycles, high reproductive rates, rapid 

rates of nucleotide sequence evolution, and extremely large effective population sizes 

combine to give many parasitic worms an extremely high level of genetic diversity [2, 

5]. In addition, most nematode species demonstrate a population structure consistent 

with high levels of gene flow, suggesting that host movement is an important determi-

nant of nematode population genetic structure [5]. Thus, many parasitic nematodes 

possess both the genetic potential to respond successfully to chemical assault, and the 

means to assure dissemination of their resistance alleles via host movement.

At its core, anthelmintic resistance is a genetic phenomenon, but it is generally 

perceived as a clinical event, with resistance detected using phenotypic measures of 

therapeutic effectiveness such as fecal egg counts, counts of microfilariae, or in vitro 

sensitivity assays. However, it is important to appreciate that anthelmintic resistance 

is never noticed in its early stages as outright treatment failure. Survival of a low-to-

moderate percent of resistant worms following anthelmintic treatment will not have 

any noticeable effect on the health of the host. Consequently, unless a surveillance pro-

gram is in place that closely monitors the effectiveness of drug treatments over time, 

resistance will not be noticed clinically until levels of resistance are extremely high. 

This is a major problem because once resistance reaches phenotypically detectable lev-

els, irreversible changes in the genetic structure of the worm population have already 

occurred, resulting in ‘resistance’ alleles becoming fixed in that population [3].

Laboratory-based phenotypic tests cannot detect resistance until approximately 

10–25% of the worm population is resistant [6]. In helminths of farmed ruminants 

it is estimated that greater than 50% of the worm population must be resistant before 
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it will be recognized clinically. It is not surprising then, that once resistance is diag-

nosed, ‘reversion’ to susceptibility is unlikely to occur. In a few instances where rever-

sion to greater susceptibility has been demonstrated, it has proven to be short lived 

once the drug is reintroduced (see [7] for a review of studies investigating reversion). 

Consequently, to ensure the conservation of susceptibility to an anthelmintic, and 

thereby also ensure the long-term success of mass treatment programs, it is of great 

importance to develop molecular assays that can detect emergent resistance with high 

sensitivity in its early stages, before irreversible changes in the population structure 

occur and while the drugs are still highly effective.

The problems posed by anthelmintic resistance in helminth parasites of veterinary 

importance are not new. Resistance to thiabendazole (considered the first modern 

anthelmintic) was first reported in 1964 in the sheep nematode Haemonchus contortus, 

just a few years following this drug’s introduction [8]. Shortly thereafter, thiabenda-

zole resistance was reported in equine cyathostomin (small strongyle) nematodes, 

and then in the other major gastrointestinal trichostrongylid nematodes of sheep: 

Teladorsagia (Ostertagia) circumcincta (brown stomach worm) and Trichostrongylus 

colubriformis (black scour worm). By the mid-1970s multiple-species resistance to 

benzimidazole anthelmintics was common and widespread in nematode parasites of 

both sheep and horses throughout the world. This same pattern repeated itself in the 

1970s and 1980s following the introduction of the newer imidazothiazole/tetrahydro-

pyrimidine and avermectin/milbemycin classes of anthelmintics. By the early 1980s, 

reports of worms resistant to multiple drugs appeared for the first time, and presently 

a high prevalence of H. contortus, T. circumcincta and T. colubriformis resistant to all 3 

major anthelmintic classes are documented throughout the world [9].

Mass Treatment of Parasitic Disease

The past decade has seen a resurgence in interest in the implementation of chemo-

therapy-based control programs to reduce the morbidity associated with helminth 

infections in humans (table 1). These programs, targeting lymphatic filariasis (LF), 

onchocerciasis, schistosomiasis and intestinal helminthiasis, share a strategy based 

on MDA with relatively inexpensive drugs, but differ both in terms of their target 

populations and whether their ultimate objective is to control morbidity or to elimi-

nate infection. These different goals represent distinct risks in terms of drug resis-

tance and will be considered separately.

Morbidity Control Programs

Programs targeting soil transmitted helminthiasis (STH) and schistosomiasis aim to 

reduce morbidity by treating age or population groups that suffer the greatest disease 



Spread of Anthelmintic Resistance 123

Table 1. Features of the major MDA-based helminth control programs presently in place

Helminth 
infections

Major 
etiological
agent

Organization Main objective Strategy Timescale

Soil-transmitted 
helminths

Ascaris 
lumbricoides; 
Trichuris 
trichiura; 
Necator 
americanus

Partners for Parasite 
Control (www.who.
int/wormcontrol)

Control of 
related 
morbidity

Regular treatment with 
mebendazole or 
albendazole 2 or 3 times 
a year.
Integration into the 
countries’ existing 
control activities.

2001 – no date 
set

Schistosomiasis Schistosoma 
haematobium 
(urinary);
Schistosoma 
mansoni 
(hepatobiliary)

Schistosomiasis 
Control Initiative 
(www.shisto.org) 
and Partners for 
Parasite Control 
(www.who.int/
wormcontrol)

Control of 
related 
morbidity

Treatment of >75% of 
school-age children 
and other high-risk 
groups annually with 
praziquantel.
Creation of a demand 
for sustainable 
schistosomiasis 
control.

2000 – no date 
set

Onchocerciasis Onchocerca 
volvulus

African Programme 
for Onchocerciasis 
Control (www.who.
int/apoc) 

Elimination of 
morbidity (and 
of parasite 
reservoir where 
possible)

Annual community-
directed treatment with 
ivermectin to all eligible 
populations in hyper- and 
mesoendemic areas for 
up to 25 years.
Simulium vector control in 
certain foci.
Includes the ‘special 
intervention zones’ of the 
Onchocerciasis Control 
Program (OCP), which 
finished in 2002.

1995–2009 
(APOC);
1974–2002 (OCP)

Onchocerciasis 
Elimination Program 
for the Americas 
(www.cartercenter.
com)

Elimination of 
the parasite

Mass treatment with 
ivermectin of all the 
eligible population in 
endemic areas every 6 
months.

1992–2007

Lymphatic 
filariasis

Wuchereria 
bancrofti

Global Programme 
to Eliminate 
Lymphatic Filariasis 
(www.filariasis.org)

Elimination of 
the parasite

>5 years of annual drug 
treatment to all of eligible 
population in endemic 
areas with albendazole 
plus either ivermectin 
(onchocerciasis endemic 
countries) or 
diethylcarbamazine. Aims 
to reduce 5-year 
cumulative incidence to 
<1 per 1,000 in children 
born after the start of the 
intervention

1999–2020
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burden. Community surveys demonstrate that the prevalence and intensity of infec-

tions by Ascaris, Trichuris and Schistosoma typically peak in the second decade of life. 

Based on these observations, a World Health Assembly resolution in 2001 called for 

the development of programs targeting school-aged children with treatment directed 

against STH and schistosomes. Operationally, most programs have focused on the 

treatment of school attendees. School-based drug distribution programs are relatively 

easy to implement and are low cost.

At the community level, parasite transmission may be reduced by school-based 

programs, but only to the extent that the target population is responsible for most of 

transmission in the community. In practice, only one fourth to one third of the total 

population is treated and significant reservoirs of infection persist in the community. 

In addition, peak hookworm prevalence and intensity are usually found in older age 

groups. Consequently, selective pressure for the development of drug resistance is 

thought to be relatively low in the context of school-based deworming programs.

Parasite Elimination Programs

The 2 main elimination programs, the Global Programme to Eliminate Lymphatic 

Filariasis (GPELF) and the Onchocerciasis Elimination Program for the Americas 

(OEPA) have as their ultimate goal the complete interruption of transmission. In both 

cases, population-wide MDA with drugs such as ivermectin that target the transmis-

sion stage of the parasite are used to decrease the availability of microfilariae to insect 

vectors. Although adulticidal properties against Wuchereria bancrofti have been 

attributed to both diethylcarbamazine (DEC) and albendazole, 2 of the drugs used by 

the GPELF, the magnitude of the adulticidal effect has not been accurately quantified, 

and in practice, both GPELF and OEPA aim to maintain drug pressure through MDA 

until adult worms die or become infertile (5 or more years for LF and 10 or more 

years for onchocerciasis).

The elimination strategy for GPELF is based on annual MDA with a combination 

of albendazole plus either DEC or ivermectin. Ivermectin is the drug of choice in 

sub-Saharan Africa where use of DEC is contraindicated because it may exacerbate 

ocular pathology in patients with onchocerciasis. The GPELF has experienced expo-

nential program growth on the heels of a World Health Assembly resolution calling 

for the elimination of LF as a public health problem, the donation of albendazole and 

ivermectin by, respectively, GlaxoSmithKline and Merck & Co., and catalytic funding 

from the Bill & Melinda Gates Foundation. Programs have begun in more than 40 

of the 80 countries where LF is endemic and, counting India where DEC is used (for 

the most part without co-administered albendazole), 600 million persons are under 

treatment, nearly half of the world’s at-risk population [10].

OEPA’s strategy is based on ivermectin treatment twice per year. Thirteen foci of 

infection remain, with about 500,000 persons at risk. Several foci seem to be on the 
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verge of extinction as assessed by monitoring of infection in Simulium vectors and the 

absence of seroconversion in children [11]. At present, onchocerciasis in many parts 

of Africa is not considered to be an eliminable infection, as mathematical models 

indicate that under current treatment frequency (yearly), coverage levels and efficient 

vectors, it may be necessary to treat for up to 35 years to eliminate the parasite from 

highly endemic areas [12].

As elimination programs, both GPELF and OEPA strive to achieve high coverage 

(70 and 85%, respectively) of the population; consequently, therapeutic benefits are 

provided to a large proportion of persons. As a result, significant declines in micro-

filarial prevalence and intensity, as well as transmission have been observed follow-

ing repeated cycles of MDA. Additional collateral public health benefits have been 

observed in LF programs that distributed albendazole. After 2 cycles of MDA, hook-

worm prevalence and intensity declined by more than 85%, smaller decreases were 

observed for Ascaris and Trichuris [13]. Ivermectin is also known to have effects on 

intestinal helminths; however, there are few published data that document the impact 

of the effect of ivermectin on STH when the drug is used in the programmatic con-

text. From the biological perspective, however, the risk that non-targeted STH species 

will develop drug resistance is certainly greater because of their shorter generation 

times. The danger is that while trying to control one parasite, drug resistance may 

develop undetected in another species. With this in mind, the recent global effort to 

integrate the control of neglected tropical diseases [14] should consider integrating 

their drug efficacy monitoring in addition to their treatment delivery mechanisms.

Summary of Main Mechanisms of Action in Anthelmintics

Drugs Which Target Ligand-Gated Ion Channels

Nicotinic acetylcholine (nAch), serotonin (5-HT3, MOD-1), gamma-aminobutyric 

acid (GABAA), glycine, histamine-gated and glutamate-gated chloride receptors 

(GluCl) are all ligand-gated ion channels that comprise the cys loop superfamily of 

receptors. These ion channels form pores in the parasite cell membrane and their 

receptors are often targets of anthelmintics. The anthelmintics which target nAch 

receptors (e.g. levamisole), cause spastic paralysis of the nematode muscle that result 

in parasite expulsion. Macrocyclic lactones are broad spectrum anthelmintics that 

include the avermectins (e.g. ivermectin) and the milbemycins (e.g. moxidectin). 

They are thought to target the α-type subunit of invertebrate-specific GluCls [15] 

resulting in hyperpolarization of the cell membrane, paralysis of pharyngeal pumping 

and muscle paralysis. In Ascaris suum and Caenorhabditis elegans, avermectin was able 

to block transmission between interneurons and excitatory motor neurons, leading to 

paralysis of the somatic musculature. Praziquantel targets parasite muscle and tegu-

mental membranes of trematodes, causing an increase in Ca2+ permeability, leading 
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to a rapid paralytic muscle contraction. Studies have demonstrated the immune sys-

tem to be an important factor in the efficacy of praziquantel [16].

Drugs Which Target Tubulin

Benzimidazoles (such as albendazole and mebendazole) act by binding to β-tubulin 

and preventing its polymerization into microtubules, thereby affecting various 

microtubule-based processes, including mitosis, motility and intracellular transport. 

Tubulins are highly conserved and the selective toxicity of benzimidazole may be due 

to the high affinity and irreversible binding interaction of benzimidazole with nema-

tode tubulins [17].

Drugs Which Target Parasite Metabolism

It is thought that DEC interacts with the host’s innate immune system, as the drug 

has little or no activity against parasites in vitro [18]. Several sites of action have been 

proposed for DEC but the main effect appears to be an antagonistic action of enzymes 

that metabolize arachidonic acid. Arachidonic acid is produced by membrane phos-

pholipids as a result of phospholipase A2 activity on cell membranes. Treatment 

of animals with DEC alters arachidonic acid metabolism in both the host and the 

microfilariae, causing vasoconstriction, increased adhesion of endothelial cells, and 

immobilization of microfilariae. This allows for cytotoxic action by host platelets and 

granulocytes [18].

Summary of Main Mechanisms of Resistance

Resistance to Drugs Which Target Ligand-Gated Ion Channels

The majority of functional studies on resistance to anthelmintics have used C. elegans. 

Levamisole-resistant mutants of C. elegans have been created and used to identify the 

genes which contributed to resistance. Two acetylcholine receptor subtypes have been 

identified that are associated with body muscle contraction, and they differ in their 

sensitivity to levamisole [19]. Evidence indicates that changes in the number or sensi-

tivity of these subtypes may be important in conferring resistance, and similar results 

have also been observed in A. suum.

Resistance to macrocyclic lactones is thought to be associated with changes in 

allele frequencies for genes encoding GluCl α-type subunits. In Cooperia oncophora, 

a comparison of the 2 subunits from ivermectin-resistant and ivermectin-suscep-

tible worms showed several amino acid differences in the ligand binding site. The 
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function of these GluCls was studied by expressing the subunits in Xenopus oocytes. 

A significant decrease in sensitivity to ivermectin and moxidectin was observed in 

the ivermectin-resistant GluC13 receptor [20]. While ivermectin and moxidectin are 

substrates for P-glycoprotein, transcriptional changes that may contribute to resis-

tance have not been identified.

Resistance to Drugs Which Target Tubulin

The most documented mutation that confers benzimidazole resistance is the pheny-

lalanine to tyrosine substitution at position 200 on the β-tubulin isotype 1 molecule 

of H. contortus [21]. This mutation has been found in C. oncophora, T. circumcincta 

and W. bancrofti [22]. However, a study in cyathostomins found that the codon 200 

mutation was not strictly correlated with benzimidazole resistance [23]. A pheny-

lalanine to tyrosine or histidine substitution at position 167 is also found in some 

benzimidazole-resistant nematodes [21]. Various alternative hypotheses have been 

put forward to explain the functional significance of the 200 and 167 mutations [21, 

24], though they remain to be proven.

Molecular and Parasitological Evidence Suggesting the Development of Resistance 

in Filarial Parasites

At present no unequivocal cases of drug resistance in filarial parasites have been doc-

umented, though sub-optimal therapeutic responses have been reported in a number 

of locations. Some evidence suggests the occurrence of differential susceptibility of 

W. bancrofti to DEC and ivermectin even prior to the commencement of MDA [25]. 

Cases of sub-optimal responses following several years of ivermectin treatment in 

Onchocerca volvulus-infected patients have been described in Ghana [26, 27], where 

some individuals experience a faster repopulation of the skin by microfilariae than 

expected. However, it has been argued that these faster rates of repopulation could 

be due to causes other than drug resistance (see responses to [27]). More advanced 

analytical methods are required to enable atypical parasite recrudescence to be com-

pared to the normal (pre-MDA) drug response profile, taking into consideration the 

variability in accuracy of techniques used to estimate parasite intensity, its natural 

temporal fluctuations, and the degree of between- and within- host variability.

Detection of resistance in filarial populations is challenging because for many 

of these parasites there are no suitable animal models and the life cycle stages have 

not been adapted to in vitro culture. Even if this is achieved, drugs may act together 

with the host immune system, reducing the usefulness of in vitro tests. Filarial spe-

cies dwell deep within host tissues or are in tissues that are inaccessible for practi-

cal experiments. Thus, the most common approach for identifying genes involved 
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in drug resistance is to measure drug-induced selection in the parasite genome. This 

approach assumes that the allele(s) that confer resistance are present in the popula-

tion before treatment and increased use of drugs will increase the selection pressure 

for resistance in worms. Changes in the frequency of an allele thought to be associ-

ated with a reduced treatment response are then correlated with the parasite popula-

tion’s treatment history. These studies are generally not performed on drug-resistant 

populations.

In 1997, the Ghana National Onchocerciasis Control Programme identified 26 

men and 5 women in the Lower Black Volta and Pru River Basins with a persistent 

microfilaridermia despite repeated ivermectin treatments [27]. Parasite material was 

obtained from this study and genotyped for an ABC transporter gene, OvABC-3. 

Allele C of OvABC-3 was in higher frequency in sub-optimal responders, however, 

only a small number of adult worms were available for genotyping. In other stud-

ies, a number of genes from O. volvulus showed a change in allele frequency after 

ivermectin treatment. A reduction in genetic polymorphism was shown in the genes 

OvMDR-1, OvABC-1, OvABC-3, OvPgp and OvPlp in O. volvulus from ivermectin 

treated patients [28]. In different O. volvulus populations, 2 partial gene fragments, 

OvPgp and β-tubulin, had alleles which significantly increased in frequency after iver-

mectin treatment [29]. These studies, and others by the same authors, indicate that 

ivermectin is exerting some selection on O. volvulus populations, though functional 

studies were not performed to confirm the biological significance of these genes.

A single nucleotide polymorphism associated with anthelmintic resistance in vet-

erinary helminths has been detected at high frequencies in populations of W. ban-

crofti [22]. This phenylalanine to tyrosine substitution at position 200 on β-tubulin 

was shown to be 26% higher in microfilariae sampled from parasite populations hav-

ing received a single round of albendazole + ivermectin treatment than in popula-

tions naive to chemotherapy against W. bancrofti. The difference in resistance allele 

frequency between these 2 parasite populations may have been caused by prior treat-

ment of hosts with benzimidazole drugs for soil-transmitted helminthiases or through 

a combination of high parasite genetic heterogeneity between hosts and a low number 

of hosts being sampled [30]. The significance of the position 200 mutation in filariae 

also needs to be confirmed with functional studies, as the presence of this mutation 

is not always associated with resistance in benzimidazole resistant trichostrongyles or 

cyathostomes [23].

Factors Influencing the Spread of Anthelminthic Resistance

It is easy to understand how resistance may evolve when anthelmintics are admin-

istered frequently. But what factors influence the rate at which resistance develops? 

Why does resistance develop so much quicker in some parasites and in some hosts 

than in others? We cannot provide answers to all these questions but there is much we 
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do know. It is generally recognized by parasitologists that the most important factor 

affecting the rate of selection of anthelmintic resistance is the size of the unselected 

proportion of the population [31]. This unselected population of worms, referred to 

as refugia, provide a pool of drug-sensitive genes, which dilute the frequency of resis-

tant alleles and this is believed to slow the evolution of resistance significantly. In 

practical terms, refugia are comprised of all larval stages in the environment (on soil/

vegetation or in intermediate host or vectors) at the time of treatment, and all worms 

in hosts that are left untreated with anthelmintic. Parasitologists now believe that one 

of the major factors leading to the rapid and widespread development of anthelmintic 

resistance in important nematodes of livestock is the common practice of treating 

all animals in the herd at one time. Subsequent to treatment the only infective stages 

shed into the environment for a prolonged period (until a new cycle of infection and 

patency occurs) are from those worms that survived treatment. If treatments are 

given when few infective larvae are in the environment, and all hosts are treated, then 

eggs/larvae/microfilariae shed by the resistant worms that survived the treatment are 

not greatly diluted. This gives these resistant parasites a greater chance of re-infecting 

their hosts.

Why resistance develops more slowly in some hosts and parasites than others is a 

complex question which is dependent on many factors [32]. These factors relate to 

the parasite biology and epidemiology, the dynamics of the host-parasite relationship, 

and the pharmacokinetics of the drugs. Some factors relating directly to the parasite 

biology include: life history (generation time, direct or indirect life cycle), fecundity 

of female worms, lifespan of mature worms, survival of free-living stages in the envi-

ronment, level of genetic diversity, manner of inheritance of resistance traits, number 

of genes involved, actual dose level required to kill susceptible worms of a particular 

species as compared to label dose level, and worm pathogenicity (and therefore need 

for treatment). Host factors include: levels of innate and acquired immunity, behav-

ioral differences affecting exposure rates and differences in anthelmintic pharma-

cokinetics between host species. In livestock species, anthelmintic drugs generally 

demonstrate highest bioavailability in cattle, and lowest bioavailability in goats. It is 

frequently suggested that the extremely high prevalence of anthelmintic resistance 

in nematodes of goats is associated with this unique pharmacokinetic profile. All of 

these factors combined with treatment frequency, means of drug delivery (affecting 

pharmacodynamics and kinetics), dose rate, drug persistence, quality of drug used 

(e.g. expired drug) and levels of refugia at time of treatment interact to influence 

the rate of resistance development. It is difficult to know with precision or certainty 

how large a role each of these different factors play in the development of resistance, 

and most likely they change with each host/parasite relationship. However, the fact 

that the important nematodes of cattle and sheep/goats are extremely closely related 

(both phylogenetically and biologically), but resistance is much slower to evolve in 

nematodes of cattle, gives strong evidence that many factors other than the genet-

ics of the worms are involved in the dynamic process of resistance selection. These 
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factors can be modeled to measure the relative impact each has on the evolution of 

resistance.

Use of Mathematical Models

The philosophy of disease control through mass chemotherapy is – in principle – 

simple, but optimizing its success is rather more complex and requires a thorough 

understanding of the biology of the parasites in question. Helminth infections typi-

cally cause chronic infections in humans and it is the intensity of parasite infection 

that tend to determine the severity of morbidity. Helminth infections of humans 

tend to have long generation times (ranging from 1 to 10+ years) and not to multiply 

directly within the definitive host. Humans characteristically fail to develop full pro-

tective immunity against helminth re-infection so parasite population dynamics can 

be represented using simple immigration-death type models, which chart the num-

ber of worms per host.

Mathematical models can provide valuable insights into the dynamics of para-

site populations. Epidemiological models have been used to investigate the transient 

dynamics of parasite populations undergoing chemotherapy and to help optimize 

treatment strategies [33, 34]. They can also be used to investigate aspects of the hel-

minths’ lifecycle which are influential over the spread of anthelmintic resistance, 

although the scope of their conclusions remains mainly qualitative (system behav-

ior) rather than quantitative (accurate predictions). One of the most important mod-

els for policy makers is also one of the simplest (fig. 1). The change in frequency of 

an allele conferring drug resistance will most likely follow a characteristic S-shaped 

curve. Once the resistance allele has reached a detectable frequency, it enters a period 

of rapid expansion, quickly resulting in nearly complete treatment failure. Evidence 

indicates that resistance alleles are often recessive [21], significantly reducing the time 

between detection and widespread treatment failure.

The majority of the early mathematical models investigating the spread of drug 

resistance in helminth populations have focused on parasites of veterinary impor-

tance. Insight into the spread of drug resistance in helminths of humans can be drawn 

from these models, though comparisons should consider how human treatment com-

pliance, individual host variability and parasite biology may vary from that of graz-

ing animals. Theoretical results indicate that mixing drugs with different modes of 

action will be more effective at reducing the spread of anthelmintic resistance than 

different drug rotation schemes [35]. If the resistance allele is rare in the parasite 

population, treating hosts with a drug dose that does not kill heterozygote parasites, 

but kills homozygous susceptible worms, will reduce the time until widespread treat-

ment failure [36]. Drugs which persist within the host and prevent the establishment 

of susceptible parasites have also been shown to substantially increase the spread of 

drug resistance [36].
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Mathematical models have shown how aspects of helminth biology may increase 

the probability that a rare, recessive resistance allele will spread successfully across 

the parasite population. All of the major helminth infections of humans are dioecious 

(have separate sexes). At low resistance allele frequencies, the transmission of resis-

tant parasites may be impeded following chemotherapy due to single-sexed infections. 

Helminth parasites tend to be highly aggregated (overdispersed) within their host pop-

ulation, with a few hosts harboring the majority of parasites. This clumped distribu-

tion of adult parasites increases the probability that male and female resistant worms 

will inhabit the same host thereby increasing their probability of producing offspring.

Helminth population growth is restricted by density-dependent processes act-

ing throughout the parasite’s lifecycle. Following chemotherapy, density-dependent 

mechanisms constraining the transmission of resistant parasites (not regulated by the 

host’s immune system) will be relaxed, increasing both the number of offspring pro-

duced by each resistant parasite and the spread of drug resistance [37].

Helminth parasites have a subdivided population structure as adult worms are con-

fined to their definitive host and are only able to mate with worms co-inhabiting the 

same host. Parasite allele frequency can differ between hosts either due to the random 

nature of infection events or as a result of the metapopulation dynamics of parasite 
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Fig. 1. The typical change in gene frequency of an initially rare resistance allele following selection 

by chemotherapy (initial allele frequency = 1 × 10–2). The spread is governed by the equation  

where the gene frequency of drug-resistant and drug-susceptible alleles are pt and qt respectively, 

in generation t, with p + q = 1. The relative fitness of the 3 genotypes are modified to represent the 

relative dominance of the resistance allele, be it fully dominant (thin dotted black line; WRR = 1.0, 

WRS = 1.0 and WSS = 0.82), semi-dominant (thin solid black line; WRR = 1.0, WRS = 0.88 and WSS = 0.75), 

or recessive (thick solid black line; WRR = 1.0, WRS = 0.47 and WSS = 0.47). Specific values are chosen 

so that all runs have a resistance allele frequency of 50% at time 0.5.
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transmission. Parasite genetic differentiation between hosts has been observed for 

mutations associated with benzimidazole resistance present in W. bancrofti micro-

filariae taken from patients in West Africa, prior to the introduction of chemother-

apy [22, 30]. Parasite genetic differentiation between hosts causes an increase in the 

number of homozygote offspring, a phenomenon known as the Wahlund effect. 

Evidence indicates that the allele thought to confer benzimidazole resistance in vet-

erinary nematodes is recessive, so the Wahlund effect will increase the number of 

parasites resistant to treatment (by decreasing the proportion of resistance alleles in 

drug-susceptible heterozygous offspring). Non-random mating in the West African 

W. bancrofti population increased the number of resistant homozygote microfilariae 

by approximately 130%, which may drastically enhance the spread of this recessive 

resistance allele [30]. Simulation models have also highlighted how the spread of rare 

recessive genes is facilitated by hosts acquiring multiple infective stages simultane-

ously [36].

It is thought that parasite elimination (and not just the elimination of the associated 

morbidity) may be achievable within the GPELF and OEPA. Policymakers contem-

plating halting mass drug distribution should consider the possibility that anthelm-

intic resistance may have already developed. The presence of drug-resistant parasites 

will not prevent a species from being eliminated if mass chemotherapy has pushed 

the parasite population size beneath its breakpoint density (the mean adult worm 

burden below which the parasite population will tend towards local extinction due to 

single-sex host infections). However, the halting of control interventions before the 

breakpoint density is achieved will allow the surviving parasites (which may have a 

high resistance allele frequency) to re-infect the host population quickly. If the num-

bers of resistant worms manages to approach the breakpoint density before treatment 

is re-introduced, then chemotherapy alone will become insufficient to eliminate the 

parasite. Failure to eliminate the parasite on the first attempt, therefore, may render 

the drug ineffective for further control efforts.

Mathematical models can be utilized when designing and evaluating genetic epi-

demiological studies investigating anthelmintic resistance. In human onchocerciasis, 

it is possible to survey adult worms, microfilariae and infective larvae. However, fac-

ets of O. volvulus’s biology, the different life-expectancies of the parasite life-stages, 

and the pharmacodynamic properties of ivermectin will cause the resistance allele 

frequency to vary over time and across the different parasite life-stages [37]. Genetic 

epidemiological surveys should carefully consider which life-stage to sample, and the 

time points following treatment at which these samples should be taken. Sampling 

schemes should also reflect the parasite’s aggregated distribution among the host 

population and account for possible variations in parasite resistance allele frequency 

in the hosts that are sampled. Ideally, genetically structured mathematical models 

should be developed and used to explore the possible spread of anthelmintic resis-

tance for each of the different helminth infections of humans and guide the monitor-

ing and evaluation of genetic epidemiological surveys.
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Hookworm: Does Resistance Already Exist?

Hookworms are intestinal parasitic nematodes belonging to the group of soil-trans-

mitted helminths. The two species infecting humans are Necator americanus and 

Ancylostoma duodenale. Hookworms are the second most common human helmint-

hiasis, infecting an estimated 1.3 billion people worldwide. The significant morbidity 

in human populations caused by hookworm can be controlled by periodic chemo-

therapy using drugs. While a number of anthelmintic drugs are effective against 

hookworms, the most commonly used agents for treatment of hookworm disease are 

albendazole and mebendazole of the benzimidazole class, because they are available 

at low cost and easily given to people as single-dose tablets in MDA. Some MDA 

using benzimidazoles were aimed directly against human gut nematodes. However, 

the main impact on intestinal helminths appears to be due to the addition of benzimi-

dazole to the drugs used in the GPELF [12].

Significant drug resistance has been observed in hookworm-related strongyle 

worms in veterinary studies, where the extensive use of benzimidazole- and aver-

mectin-based drugs selected resistant genotypes of parasites like H. contortus, 

which threatens the small ruminant industries in many countries. Cases of reduced 

levels of treatment efficacy of human hookworm infection have been reported for 

mebendazole in Mali [38] and for pyrantel in Australia [39], although these cases 

fall short of conclusive evidence due to methodological weaknesses. Reduced sen-

sitivity of hookworm has been reported in eggs recovered from children on Pemba 

Island (Tanzania) who have been exposed to treatment with benzimidazole over a 

period of 5 years [40]. However, it was not possible to conclude that a drug-resis-

tant hookworm population had been built up because the presence of hookworm 

strains with different susceptibility prior to the introduction of chemotherapy 

could not be ruled out. Since confirmatory controlled drug efficacy experiments 

carried out with animals in veterinary practice cannot be performed with human 

subjects, reliable tests for the diagnosis of drug resistance in gut nematodes are 

needed. Recently, egg hatch assays have been adapted from veterinary practice and 

refined for the field testing of developing resistance to benzimidazole, and a larval 

motility assay appears to detect resistance to ivermectin [6]. To date, the only study 

which investigated the relationship between anthelmintic resistance in hookworms 

and genetic polymorphisms found no association between specific alleles and 

resistance [41]. However, this study focused on codon 200 of the β-tubulin gene, 

while mutations in codon 167 and in other positions related to benzimidazole 

resistance remain to be investigated in these worms. Moreover, one can assume 

that mutations in other β-tubulin isotypes or microtubule-associated proteins pro-

vide alternative mechanisms contributing to resistance to benzimidazole. Thus, the 

subject of developing resistance of hookworms to benzimidazole and other drugs 

remains an important part of public health surveys and a highly challenging field 

of research.
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Conclusions

Due to high pre-control parasite endemicity, long lifespan of reproductive adult 

worms, pharmacodynamic properties of anthelmintic drugs, and resilience of para-

site populations to control perturbations, chemotherapy-based control programs are 

expected to require many years of regular treatment in order to achieve their objec-

tives. With so many people receiving, and predicted to receive, treatment for such 

an extended period, the selective pressure for the development of anthelmintic resis-

tance is immense. However, the public health significance that any anthelmintic resis-

tance (present before the intervention, or developing after its inception) may have on 

the success of the control programs, is by no means predetermined. Praziquantel has 

been used to control schistosomiasis at the community level for a prolonged period 

in Egypt and yet there are no reported cases of widespread treatment failure, even in 

areas where individuals previously failed to respond to treatment [42].

The exclusive reliance of human helminth control programs on single drugs makes 

the control of these diseases highly vulnerable to anthelmintic resistance. Ivermectin 

is the only drug which can be feasible used for the safe mass treatment of human 

onchocerciasis. Schistosomiasis control is wholly dependent on the drug praziquantel, 

and intestinal nematode treatment is reliant on albendazole, mebendazole and, to some 

extent, pyrantel and levamisole. The relative importance of resistance to a particular 

drug class needs to be appreciated in the context of what can be expected in the future 

with regard to development and marketing of new anthelmintics (meaning completely 

new drug classes, not just new products of existing classes). Unlike most therapeutics 

that are developed first for humans and only then later used in animals when costs are 

reduced, anthelmintics are developed for the veterinary market, and then later used in 

humans. However, in the past 20 years, there has been limited investment in antipara-

sitic discovery by pharmaceutical companies, and the current trend is toward declining 

investment in research and development [43]. The great cost associated with the devel-

opment of new drugs and the modest size of the anthelmintic market, have created an 

environment in which few animal health companies are committed to the discovery of 

new antiparasitic drugs. Thus, it is most probable that the development of resistance 

will continue to outpace the introduction of new anthelmintic drugs, and therefore, the 

management and prevention of resistance will become increasingly important.

The development of drug resistance to any parasite could derail parasite control 

and elimination and have negative consequences for other control programs as well as 

taking an effective tool out of the anti-parasite armamentarium and reducing political 

support for other elimination programs. Few programs are conducting surveillance 

to monitor therapeutic responses to MDA, nor are the relationships between cover-

age, systematic non-compliance and changes in parasite allele frequency of possible 

resistance markers being rigorously addressed. We may also need to consider alterna-

tive strategies, such as using new drug combinations or rotating drugs, in order to 

maintain the effectiveness of the tools we have. The risk of drug resistance hampering 



Spread of Anthelmintic Resistance 135

 1 Prichard RK, Hall CA, Kelly JD, Martin IC, Donald 

AD: The problem of anthelmintic resistance in 

nema todes. Aust Vet J 1980;56:239–251.

 2 Anderson TJC, Blouin MS, Beech RN: Population 

biology of parasitic nematodes: applications of 

genetic markers. Adv Parasitol 1998;41:219–283.

 3 Roos MH, Kwa MSG, Grant WN: New genetic and 

practical implications of selection for anthelmintic 

resistance in parasitic nematodes. Parasitol Today 

1995;11:148–150.

 4 Blouin MS: Mitochondrial DNA diversity in nema-

todes. J Helminthol 1998;72:285–289.

 5 Blouin MS, Yowell CA, Courtney CH, Dame JB: 

Host movement and the genetic structure of popu-

lations of parasitic nematodes. Genetics 1995;141: 

1007–1014.

 6 Kotze AC, Coleman GT, Mai A, McCarthy JS: Field 

evaluation of anthelmintic drug sensitivity using in 

vitro egg hatch and larval motility assays with 

Necator americanus recovered from human clinical 

isolates. Int J Parasitol 2005;35:445–453.

 7 Jackson F, Coop R: The development of anthelmintic 

resistance in sheep nematodes. Parasitology 2000; 

120:S95–S107.

helminth elimination efforts may be reduced by supplementing MDA with other 

transmission-control measures. For example, vector control could be added to indi-

rectly transmitted helminth control programs as the parasite nears elimination and 

the risk of resistant worm transmission increases.

To avoid the negative consequences of the development of drug resistance, surveil-

lance and research are critical. In the absence of sensitive phenotypic tests to detect 

the emergence of anthelmintic resistance, it is of great importance to develop sensitive 

molecular assays which can identify drug resistance before it becomes a major public 

health concern. Unfortunately, the knowledge needed to develop such assays for nem-

atode parasites of humans is woefully deficient. Research into molecular mechanisms 

of resistance therefore needs to be made a priority, so that the emergence of resistant 

genotypes can be properly monitored in areas where anthelmintic mass treatment 

programs are being implemented. Gene polymorphisms are not always adequate to 

describe or account for drug resistance as these can vary with strain genotype and 

drug concentration. Many pathogens utilize alternative mechanisms involving gene 

regulation to bypass drug effects. These mechanisms may involve over-expression of 

transporter(s) in response to drugs, induction of alternative pathways to circumvent 

drug toxicity or down-regulation of targets that enhance drug toxicity. These mecha-

nisms have not been explored in helminths and warrant investigation. Future inves-

tigations on resistance mechanisms should avoid estimations of drug selection on a 

gene-by-gene basis and should shift in focus from single genes to gene networks or 

genomes, and from gene-structure to gene-regulation.

With this in mind, the global helminth control programs currently looking to 

expand the use of MDA should ensure that sufficient parasites are collected from 

around the world in order to provide a genetic historical (baseline) record which 

can be referred to in decades to come if mass chemotherapy becomes widespread. 

Helminth control programs should consider the possibility of anthelmintic resistance 

from the outset and place their monitoring and evaluation activities within the con-

text of strong population biology and mathematical epidemiology.
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Abstract
Candida species and Aspergillus species are the primary opportunistic fungal pathogens in immu-

nocompromised patients and are associated with high morbidity and mortality. The epidemiology 

of invasive fungal infections is changing, challenging the therapeutic options. To date, 4 classes of 

antifungal drugs have been predominantly used to treat and prevent invasive fungal disease: 

azoles, echinocandins, flucytosine and polyenes. Large-scale surveys of in vitro antifungal drug 

resistance among clinical fungal pathogens have shown that emerging resistance among naturally-

susceptible species is not a widespread problem; however, ongoing surveillance to detect trends in 

the number of infections caused by species that are intrinsically less susceptible is warranted. 

Antifungal prophylaxis has been shown to be effective in reducing the incidence in certain patient 

groups, including hematopoietic stem cell transplant recipients. Continued efforts to define spe-

cific risk factors for invasive fungal infections, implement effective prevention strategies, develop 

new antifungal agents, and improve the clinical utility of in vitro antifungal susceptibility testing 

will better position us to reduce the clinical impact of antifungal drug resistance.

Copyright © 2010 S. Karger AG, Basel

Invasive Fungal Infections

Over the last 2 decades invasive fungal infections, caused primarily by Candida and 

Aspergillus species, have emerged as an important public health problem creating 

major challenges for health care professionals. The rising incidence of invasive fun-

gal infections is due in large part to the growing population of immunosuppressed 

patients, who are at greatest risk for infection.

Candida bloodstream infection (BSI) is the most common clinical presentation of 

invasive candidiasis. Population-based surveillance studies conducted by the Centers 

for Disease Control and Prevention in 2 geographic regions of the United States in 
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1992–1993 and in 2 different regions in 1998–2000 have helped to define the burden 

of Candida BSIs. Candidemia occurred at an incidence rate of 8–10 per 100,000 popu-

lation per year, with the highest rates noted in the infant and elderly populations (75 

and 26 per 100,000, respectively) [1, 2]. Surveillance currently being conducted sug-

gests these rates are increasing [3]. Risk factors for Candida BSI are well known and 

include Candida colonization, prolonged hospital stay, gastrointestinal surgery, use 

of parenteral nutrition, antibiotics, and presence of indwelling vascular catheters on 

which Candida biofilms can readily develop [4]. Among newborns treated in neonatal 

intensive care units, risk factors associated with Candida BSI include gestational age 

less than 32 weeks, 5-min Apgar score less than 5, shock, disseminated intravascular 

coagulopathy, intralipid and parenteral nutrition, central venous catheters, H2 block-

ers, intubation, and length of ICU stay greater than 7 days prior to Candida BSI [5].

Candida species account for 8–10% of nosocomial BSIs, making Candida the 

fourth most common cause of health care-associated BSIs in the United States [4, 6]. 

The distribution of species causing candidemia is changing rapidly. Although Candida 

albicans continues to be the single most common species causing candidemia, a larger 

proportion of Candida BSI in the United States is now caused by Candida species 

other than C. albicans [1, 3, 7–9]. The incidence of candidemia caused by C. albicans 

reported in at least 1 study (45.6%) is lower than the incidence of candidemia caused 

by non-albicans Candida species (54.4%) [7]. According to Horn et al. [7], patients 

with Candida parapsilosis candidemia showed a lower mortality rate (23.7%) com-

pared with patients infected with other Candida species. Patients with C. krusei can-

didemia demonstrated the highest crude 12-week mortality (52.9%).

With regard to pathogenic molds, invasive aspergillosis is the most common fila-

mentous fungal infection in immunocompromised patients and is a leading cause of 

death among hematology patients [10]. The incidence of invasive aspergillosis varies 

and may be as high as 11–13% in high-risk patient populations. The overall case-fatal-

ity rate associated with invasive aspergillosis has been estimated at 58%, approaching 

90% in some bone marrow transplant recipients and patients with central nervous 

system involvement [11]. Among allogeneic hematopoietic stem cell transplant 

patients, the majority of invasive aspergillosis cases occur after engraftment (i.e. >30 

days after transplant), and usually in association with graft versus host disease. In 

contrast, autologous transplant recipients most frequently develop invasive aspergil-

losis during the initial period of neutropenia, before engraftment has occurred [12]. 

The clinical application of recombinant cytokine and colony stimulating factors with 

antifungal therapies has shown promise but insufficient data are available to validate 

this therapeutic approach. Understanding the timing of disease onset in high-risk 

patients and the utility of immunotherapy has important implications for devising 

the most effective strategies to prevent invasive aspergillosis among different groups 

of transplant recipients in hospital and community settings.

Aspergillus fumigatus is the predominant cause of invasive aspergillosis, but 

disease caused by Aspergillus flavus, Aspergillus niger, and Aspergillus terreus has 
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been detected with increasing frequency. A recent study of invasive aspergillosis in 

hematopoietic stem cell transplant recipients revealed a range of Aspergillus species 

causing disease, including A. fumigatus (56%), A. flavus (18.7%), A. terreus (16%), 

A. niger (8%), and A. versicolor (1.3%) [13]. Those species causing disease in solid 

organ transplant recipients included A. fumigatus (76.4%), A. flavus (11.8%), and A. 

terreus (11.8%). Among the Aspergillus species, A. terreus is intrinsically resistant to 

amphotericin B, an antifungal drug that is often used as first line treatment for inva-

sive aspergillosis. The newer triazole antifungal voriconazole has been shown to have 

activity against A. terreus, but is not readily available in many countries. Therefore, it 

is crucial to identify the infecting species of Aspergillus and understand its intrinsic 

antifungal drug susceptibility pattern.

Antifungal Drugs in Clinical Use

The majority of clinically relevant antifungal agents used today in clinical practice 

can be placed into distinct classes based on their fungal target: polyenes, which target 

ergosterol, the principal sterol in the plasma membrane of susceptible fungal cells; 

azoles, which target ergosterol synthesis; echinocandins, which target β-1,3 glucan 

synthesis; and flucytosine, which targets DNA and protein synthesis. Each of these 

classes is discussed below.

Polyenes

The polyene class of antifungal drugs, of which amphotericin B and nystatin are the 

most commonly used, are natural products of Streptomyces species. Polyene antibiot-

ics exert their fungicidal effect by binding to ergosterol, the principal fungal sterol, in 

the plasma membrane of sensitive organisms causing an impairment of barrier func-

tion and leakage of cellular constituents [14].

Resistance to polyene antifungals is rare and studies have shown amphotericin 

B resistance, whether primary or secondary, to almost always be associated with a 

decrease or complete absence of ergosterol in fungal membranes [14–17]. The inci-

dence of primary or intrinsic resistance to amphotericin B is relatively limited but 

such resistance can be demonstrated by yeasts such as Malassezia furfur, Trichosporon 

cutaneum, Candida lusitaniae, and C. guilliermondii, as well as filamentous fungi such 

as Aspergillus terreus, Scedosporium apiospermum, and Fusarium species. Secondary, 

or acquired, resistance to amphotericin B during or following amphotericin B ther-

apy appears to be uncommon as ‘breakthrough’ candidemias in patients treated with 

amphotericin B are rarely noted [18, 19]. A recent study in 4 US children’s hospitals 

suggested that amphotericin B resistance among C. parapsilosis isolates causing can-

didemia in children may represent an emerging threat [9].

Amphotericin B resistance following previous azole antifungal treatment has 

been described in vitro [20, 21] and in vivo [17, 22, 23] and has important clinical 
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implications for prophylaxis and combination therapy. The basis for antagonism is 

thought to be depletion of membrane ergosterol as the result of azole-induced inhibi-

tion of ergosterol biosynthesis. Resistance to amphotericin B has also been associated 

with Candida biofilm production. C. albicans as well as C. parapsilosis isolates have 

been shown to form prominent biofilms using in vitro [24] and in vivo model sys-

tems [25, 26]. MICs to amphotericin B and to all other antifungal agents are generally 

many times higher for biofilm-grown isolates relative to MICs for the same isolates 

grown as planktonic cells [27].

Azoles

The azoles are by far the largest class of antifungal agents in clinical use [28]. The 

antifungal action of azoles in susceptible cells is produced by inhibition of ergos-

terol biosynthesis. Molecular mechanisms of azole resistance can be separated into 

4 general categories: reduced intracellular accumulation of azole antifungal agents 

due to enhanced drug efflux; alteration in the quality or quantity of the target 

enzyme, cytochrome P-450 lanosterol demethylase; changes in plasma membrane 

fluidity and asymmetry leading to reduced azole permeability; and mutation of a 

second ergosterol biosynthetic gene, ERG3, which encodes the C5–6 sterol desatu-

rase enzyme. Azole resistance due to ERG3 inactivation has also been shown to be 

associated with cross-resistance to amphotericin B. Multiple mechanisms of resis-

tance may be active in an individual isolate at the same time, resulting in a multi-

factorial process.

Primary or intrinsic resistance to azole antifungals is limited to a few fungal spe-

cies but is well known for C. krusei with intrinsic fluconazole resistance. C. glabrata 

commonly shows higher MICs to fluconazole than other Candida species and is cur-

rently known to rapidly acquire resistance, both in vitro and in vivo, during azole 

exposure [29–31]. Fluconazole demonstrates a narrow spectrum of activity against 

filamentous fungi while the newer azole antifungals voriconazole, posaconazole 

and ravuconazole have shown activity against a broader range of species, including 

Aspergillus species, the dimorphic fungi, Penicillium marneffei, and Fusarium spe-

cies. Azole antifungals, with the exception of posaconazole, appear to have no mean-

ingful activity against zygomycetes, including Rhizopus, Mucor and Rhizomucor 

species [28].

Research into the mechanisms of secondary azole resistance has focused primar-

ily on sequentially obtained C. albicans isolates from AIDS patients receiving long-

term fluconazole therapy for the treatment or prevention of recurrent oropharyngeal 

candidiasis. A study to determine the prevalence of molecular mechanisms of azole 

resistance in highly resistant strains of C. albicans demonstrated that multiple mech-

anisms were acting simultaneously in 75% of the isolates [32]. The most prevalent 

mechanism of azole resistance was over-expression of drug efflux pumps, observed 

in 85% of the isolates, while mutation in the ERG11 target gene, leading to reduced 

binding affinity to the drug, was found in 65% of isolates [32].
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Fluconazole resistance among Candida species bloodstream isolates, defined as an 

MIC ≥64 μg/ml, remains low except for C. glabrata (9%) and C. krusei (40%), with 

studies showing values ≤3% for all other species [4, 33]. In the setting of disseminated 

Candida infections, C. albicans has traditionally been the most frequent cause of dis-

ease. However, recent reports suggest a trend toward a decrease in the isolation of C. 

albicans and an increase in C. tropicalis, C. parapsilosis, and C. glabrata [3, 4]. The spe-

cific proportion of disease caused by non-albicans Candida species can differ by geo-

graphic location both within a given country and between countries. Furthermore, the 

prevalence of individual Candida species causing invasive disease varies between med-

ical center and patient groups with C. parapsilosis more common in neonatal intensive 

care units, C. krusei and C. tropicalis more commonly associated with haematological 

malignancy, and C. albicans and C. glabrata associated with solid tumors [4, 34, 35]. 

Although the newer azole antifungals have shown good activity against fluconazole-

resistant Candida isolates, the threat of possible cross-resistance cannot be ignored.

Echinocandins

The introduction of echinocandin antifungals in 2001 represented the arrival of the 

first new class of antifungal agents with a novel mode of action in nearly 4 decades 

[36]. The echinocandins inhibit sensitive fungi by noncompetitive inhibition of the 

β-1,3 glucan synthase enzyme complex and thus inhibit cell wall synthesis.

To date, proposed mechanisms of echinocandin resistance include: mutations in 

FKS1 encoding the major subunit of β-1,3-D-glucan synthase [26]; over-expression 

of CDR, coding for efflux pumps [37]; over-expression of SBE2, encoding a Golgi pro-

tein involved in transport of cell wall components [38]; and alteration in drug influx 

and/or efflux mediated membrane-bound translocators [39]. Caspofungin resistance 

in S. cerevisiae, mediated by over-expression of a Golgi-resident protein Sbe2p, rep-

resents a novel mechanism of antifungal resistance never before described for fungal 

cells [38].

The echinocandins are fungicidal for most Candida species and higher MICs have 

been observed among C. parapsilosis, C. krusei, C. guilliermondii, and C. lusitaniae iso-

lates compared to C. albicans, C. tropicalis and C. glabrata [40–43]. Echinocandins are 

fungistatic for Aspergillus species but exhibit no meaningful activity against zygomy-

cetes, Cryptococcus neoformans or Fusarium species. Caspofungin acetate (Cancidas) 

was the first representative of this new class of antifungals to receive approval by the 

US Food and Drug Administration (FDA) in 2001 and is licensed for the treatment 

of candidemia, other forms of invasive candidiasis, esophageal candidiasis, presumed 

fungal infections in neutropenic patients, and invasive apergillosis in patients who 

are refractory to or intolerant of other therapies [44–46]. Although rare, development 

of secondary resistance or reduced susceptibility to caspofungin during therapy has 

been described for Candida species [47–49] and suggests the potential for therapeu-

tic failure with drugs belonging to the echinocandins, especially following prolonged 

therapy.
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Flucytosine

Flucytosine, also known as 5-fluorocytosine, is a synthetic fluorinated pyrimidine 

with activity against Candida species, C. neoformans and some dematiaceous fungi. 

The antifungal action of flucytosine is based on the disturbance of protein synthe-

sis and/or DNA synthesis when uracil is replaced by 5-fluorouracil in the suscep-

tible fungal cells. Flucytosine must be internalized and processed by fungal cells to 

exert its antifungal activity. In yeasts, acquired resistance to flucytosine results from 

changes in the enzyme purine-cytosine permease (required for drug uptake into the 

cell), changes in the enzyme cytosine deaminase (responsible for the conversion of 

5-fluorocytosine to 5-fluorouracil) or changes in the enzyme uracil phosphoribosyl-

transferase (responsible for the transformation of 5-fluorouracil to 5-fluorouridine 

monophosphate) [14]. Most filamentous fungi naturally lack the enzymes necessary 

to internalize and metabolize flucytosine, explaining the absence of activity against 

these organisms.

Despite its limited spectrum of activity, flucytosine offers the advantages of being 

well tolerated, available in both oral and parenteral formulations, and providing 

good oral absorption and tissue distribution. Unfortunately, the use of flucytosine 

for primary therapy is restricted by the rapid acquisition of resistance when used as 

monotherapy and, therefore, clinical use remains limited to adjunctive therapy and 

specifically in combination with amphotericin B for the treatment of cryptococcal 

meningitis [50].

Microbiological Resistance versus Clinical Resistance

The term ‘resistance’ can often be used to describe 2 distinctly different phenom-

ena: the relative insensitivity of a microbe to an antimicrobial drug as determined 

in vitro and compared with other isolates of the same species, and persistence of an 

infection despite adequate therapy [51]. For this discussion, microbiological resis-

tance will refer to the former and clinical resistance will be used to describe the lat-

ter. Clinical resistance is often multifactorial with microbiological resistance being 

just one of several contributing factors. Other factors include impaired host immune 

function, insufficient access of the agent to the infected site, accelerated metabolism 

of the drug, presence of contaminated implanted medical devices, as well as other 

reasons [52]. Microbiological resistance is objectively and reproducibly measured in 

the laboratory independent of clinical information and patient factors [53–57].

Detecting Microbiological Resistance in vitro

The interest in and demand for a laboratory test that can predict the clinical effi-

cacy of a given antifungal therapy has driven the development of standardized refer-

ence methods for antifungal susceptibility testing of fungi. The Clinical Laboratory 

Standards Institute (CLSI; formally the National Committee for Clinical Laboratory 
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Standards), published in 1997 the M27-A broth dilution method for antifungal sus-

ceptibility testing of Candida species and C. neoformans. The successive revisions of 

the document in 2002 and 2008 led to the most recent version, the M27-A3 [55]. In 

addition, CLSI has currently standardized a broth dilution method for antifungal sus-

ceptibility testing of filamentous fungi M38-A2 [54] and an agar-based disk diffusion 

method for antifungal susceptibility testing of Candida species M44-A [53].

The Antifungal Susceptibility Testing Subcommittee of the European Committee 

on Antimicrobial Susceptibility Testing (AFST-EUCAST) also produced standard-

ized methodologies for in vitro antifungal susceptibility of yeasts [56] and moulds 

[57]. For yeasts the methodology is similar to the CLSI M27-A3 with some modifica-

tions, including a different inoculum size, use of 2% glucose supplemented medium, 

flat-bottomed wells and spectrophotometric readings. For conidia-forming moulds, 

EUCAST methodology recommends a hemocytometer chamber instead of spectro-

photometer for inoculum preparation. Breakpoints for fluconazole and voriconazole 

against Candida species have also been proposed by the EUCAST-AFST [58, 59]. 

This method is reproducible within and between laboratories [60] and has been eval-

uated with the new antifungal agents voriconazole, posaconazole and caspofungin 

[61, 62]. Both AFST-EUCAST and CLSI have shown to be reproducible methodolo-

gies producing similar results for in vitro antifungal susceptibility. However, CLSI 

breakpoints should not be used to interpret EUCAST MIC data. These reference 

methods have improved the reliability of antifungal susceptibility testing and pro-

vided a means by which inter-laboratory MIC studies can be conducted, novel MIC 

test methods can be evaluated, and in vitro activity of new antifungal agents can be 

assessed.

A number of commercial systems for antifungal susceptibility testing of yeasts and 

moulds are now widely available, including the colorimetric broth dilution-based 

Sensititer YeastOne system (Trek Diagnostics Systems, Westlake, Ohio, USA) and 

the agar dilution based Etest (AB Biodisk North America, Piscataway, N.J., USA). 

Both have been extensively tested and agreement with the CLSI-approved reference 

methods for yeasts and moulds varies from acceptable to excellent depending upon 

the fungal species and antifungal agent tested. The Sensititer YeastOne and, more 

recently, the Etest systems have received FDA approval for use in clinical laboratories 

in the United States and their availability has led to an increase in the number of clini-

cal and reference laboratories willing and able to perform these tests.

While tremendous progress has been made in the field of antifungal susceptibility 

testing over the past 10 years, there are still important limitations that must be con-

sidered when attempting to use MICs in therapeutic decision making. For amphot-

ericin B, broth microdilution tests using RPMI 1640 medium produce very narrow 

ranges of MICs precluding the ability of the test to distinguish isolates with reduced 

susceptibility [63]. Use of an alternative test medium, such as Antibiotic Medium 3, 

has been shown to broaden the range of MICs and improve detection of amphoterin 

B-resistant isolates [64, 65]. Agar dilution, such as the Etest, has also been shown 
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to improve the reliability of distinguishing isolates with reduced susceptibility to 

amphotericin B [66].

Azole antifungal susceptibility testing of Candida species, especially C. albicans 

and C. tropicalis, using broth microdilution tests can be complicated by trailing 

growth. This can be defined as the reduced but persistent growth at drug concentra-

tions above the MIC value. Trailing growth is significantly more apparent after 48 

h (CLSI recommended incubation time) than after 24 h of incubation and can be 

so great after 48 h that azole-susceptible isolates can be mistaken as resistant. Since 

reading after 48 h is not normally recommended by EUCAST, trailing is not observed 

when using this methodology [67]. Trailing growth can also be seen on agar based 

methods for isolates displaying the behavior in the broth microdilution method. The 

incidence of trailing growth observed in fluconazole broth microdilution MIC tests 

can range from 11 to 18% for C. albicans isolates to 22 to 59% for C. tropicalis isolates 

[68–70]. Two independent studies to investigate the clinical significance of trailing 

growth found that such isolates were susceptible to fluconazole in vivo [71, 72]. While 

these data suggest that trailing growth isolates, unlike resistant isolates, do not appear 

to be associated with treatment failure, association with recurrent infection (i.e. by 

persisting below detectable levels following treatment and ‘seeding’ the next infec-

tion) is an important area for further investigation [73]. As the clinical significance 

of trailing growth is further revealed, appropriate guidelines for interpretation of this 

phenotype can be established.

MIC Interpretation

Ideally, the value of an MIC should correspond to clinical success or failure of a given 

therapy [74]. However, this is not a straightforward process as microbial resistance is 

just one of a range of factors contributing to clinical failure. Therefore, in vivo corre-

lation of in vitro MICs is not perfect and microbial resistance, defined as an elevated 

MIC, is intended to convey a high, but not absolute, probability of treatment failure. 

An editorial on antifungal susceptibility testing states that data indicate in vitro sus-

ceptibility is predictive of the response of bacterial infections with an accuracy the 

authors summarize as the ‘90–60 rule’: infections due to susceptible isolates respond 

to therapy ~90% of the time, whereas infections due to resistant isolates respond ~60% 

of the time [75]. Standardized antifungal susceptibility testing for selected organism-

drug combinations (mainly Candida species and azole antifungal agents) can provide 

results with similar predictive values [75].

CLSI has established interpretive MIC breakpoints for Candida species isolates 

tested against fluconazole, itraconazole, voriconazole, flucytosine, anidulafungin, 

caspofungin and micafungin based on clinical outcome data of human cases and ani-

mal models of infection and using the analytical model outlined by CLSI for all types 

of antimicrobial testing [76]. Guidelines for interpretation of MICs for other fungal-

drug combinations have not been established and therefore, routine testing of these 

combinations is not recommended as the clinical relevance of the MIC is unknown. 
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Another note of caution must be made with regard to interpretation of azole antifun-

gal MICs for isolates obtained from pediatric cases; it has been demonstrated that 

azole drugs in children have significantly different pharmacokinetic parameters than 

in adults [77–79] and none of the data used to establish fluconazole MIC breakpoints 

were derived from pediatric cases [74]. In the context of recurrent or persistent dis-

ease, it can be useful to assess the relative differences between in vitro susceptibility 

of isolates obtained from the incident and recurrent episodes to assess whether or 

not decreasing microbial susceptibility is contributing to clinical failure. When these 

isolates are tested side-by-side, differences in MICs can be meaningful even in the 

absence of interpretive MIC breakpoints.

Prevention of Invasive Fungal Infections

Risks for invasive fungal infections can be understood and prevention strategies can 

be developed and studied most accurately only after knowing the true burden of 

infection, morbidity, and mortality. To date, most large-scale and ongoing surveil-

lance for fungal infections has been limited primarily to candidemia and, to a lesser 

extent, aspergillosis. While there remains more to learn with regard to risk factors for 

invasive fungal disease, particularly with the increasing numbers of community-onset 

disease cases, what is clear is that most of the identified risk factors are neither easily 

preventable nor modifiable. The benefits of antifungal prophylaxis must be balanced 

against the potential selection or induction of resistance. While there are case reports 

of antifungal resistance in patients receiving antifungal prophylaxis, the data indicate 

that widespread antifungal resistance is not emerging. Instead, resistance appears to 

be more specifically associated with factors related to the host, such as underlying 

disease and severity of immunosuppression, and overall duration and cumulative 

dose of fluconazole received [80].

In neutropenic patients, acquired fluconazole resistance is distinctly uncommon 

among susceptible Candida species bloodstream isolates, likely because of the shorter 

duration of exposure and lower cumulative dose used to treat or prevent candidemia. 

Population-based and sentinel surveillance data have demonstrated that in vitro azole 

resistance, as assessed by CLSI reference antifungal susceptibility testing methods, is 

relatively rare among C. albicans, C. parapsilosis and C. tropicalis bloodstream isolates 

[1, 2, 35]. Another study assessing the impact on resistance of 12 years of flucon-

azole use in clinical practice found very little variation in fluconazole susceptibility 

among Candida species isolates collected between 1992 and 2002 [80]. What has 

emerged as a consistent trend among leukemic or bone marrow transplant recipi-

ents receiving fluconazole prophylaxis is the increased rate of colonization and infec-

tion by the less azole-susceptible non-albicans Candida species. A study describing 

the effect of fluconazole prophylaxis on Candida colonization and infection among 

266 neutropenic cancer patients with acute leukemia or autologous bone marrow 
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transplantation found that Candida colonization and invasive disease were reduced 

in patients randomized to the fluconazole arm compared to those receiving placebo 

although colonization with non-albicans Candida species, particularly C. glabrata, 

was greater among patients receiving fluconazole prophylaxis and one definitive inva-

sive C. glabrata infection was noted in the fluconazole group [81]. Another study of 

585 cancer patients receiving allogeneic blood and marrow transplantations and flu-

conazole prophylaxis found that more than half of the patients positive for Candida 

colonization were colonized with a non-albicans Candida species at some point in the 

study [82]. Of the 27 patients who went on to develop candidemia, 25 were infected 

with a non-albicans Candida species and the remaining 2 with fluconazole-resistant 

C. albicans [82]. Overall, however, the risk for selection of an azole-resistant strain or 

species appears to be low compared to the benefit of prophylaxis in these patients at 

highest-risk for invasive fungal infection.

Itraconazole prophylaxis displays anti-Aspergillus activity, a potential advantage 

over fluconazole prophylaxis. However, studies comparing itraconazole versus flu-

conazole prophylaxis in patients with acute leukemia and hematopoietic stem cell 

transplant patients found no protective advantage in the itraconazole group [83, 

84]. Furthermore, itraconazole prophylaxis was associated with gastrointestinal side 

effects and detrimental changes to cyclophosphamide metabolism in patients ran-

domized to that arm of the study [85].

The benefit of low-dose liposomal amphotericin B for antifungal prophylaxis in 

bone marrow transplant patients remains controversial. Research in this field, includ-

ing randomized control studies, showed no protective benefit [86], while others 

demonstrated a protective effect associated with low-dose liposomal amphotericin 

B [87]. Considering the excessive costs and common side effects of prophylaxis with 

this agent, its use should be limited. In another study, previous exposure of cancer 

patients to amphotericin B was associated with an increased frequency of invasive 

aspergillosis caused by A. terreus [88]. The increased incidence of A. terreus, which 

is intrinsically resistant to amphotericin B and less susceptible to itraconazole and 

voriconazole, is noteworthy although A. fumigatus remains the most common cause 

of invasive aspergillosis.

The recent introduction of voriconazole prophylaxis against aspergillosis in high-

risk patients has been well-received due to its protective effect, minimal toxicity, 

and oral administration [89]. To date, there has not been widespread emergence of 

voriconazole resistance among Aspergillus isolates. However, breakthrough zygomy-

cosis infections during voriconazole prophylaxis in both stem cell [90–92] and lung 

transplant recipients [93] has been described. Because the zygomycetes are intrinsi-

cally resistant to all azole antifungals approved to treat these infections, the magni-

tude of this consequence of voriconazole prophylaxis requires further investigation. 

Posaconazole has been shown in a limited number of studies to have some activity 

against the zygomycetes and its role as a prophylactic agent in patients at risk for inva-

sive aspergillosis is currently under investigation.
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Abstract
HIV drug resistance (HIVDR) inevitably emerges with antiretroviral treatment (ART), because HIV has a 

high turnover rate and mutates easily, and because ART is lifelong. Inadequate drug pressure leads to 

quick evolution of resistant HIV. Currently only 42% of eligible individuals in resource-limited coun-

tries are receiving ART, but plans for quick ART scale-up are progressing. Their effectiveness could be 

jeopardized by drug resistance if HIVDR prevention is not incorporated into scale-up plans. ART pro-

grams in resource-limited countries are as successful as those in high-income countries. Challenges 

will come in maintaining high success rates as ART is expanded and decentralized. Most factors asso-

ciated with treatment interruption and development of resistance are programmatic: costs to the 

patient associated with care, transport difficulties and interruptions in drug supplies. Optimal regi-

mens and viral load testing to support HIVDR prevention are unavailable to many patients because of 

their high costs to national programs, and lack of infrastructure. WHO recommends an HIV drug resis-

tance prevention and assessment strategy, emphasizing good ART program practices, continuous 

drug supplies, support for access and adherence, and planning based on ART program monitoring 

and drug resistance. If resource-limited countries receive sufficient support and develop an infrastruc-

ture for coordinated ART delivery and evidence-based HIVDR prevention, the threat to effective treat-

ment posed by drug resistance can be controlled. Copyright © 2010 S. Karger AG, Basel

HIV Drug Resistance and Antiretroviral Treatment Scale-Up in Resource-Limited 

Countries

In the early years of this century, some scientists feared that providing antiretroviral 

treatment (ART) to millions of HIV-infected individuals in resource-limited countries 

could lead to rapid emergence and transmission of drug-resistant HIV (DR-HIV), which 

could render ART ineffective [1, 2]. In 2001, Andrew Natsios, then administrator of the 

United States Agency for International Development, stated that the USA would empha-

size aid for HIV prevention rather than HIV treatment. He said that treatment would be 

ineffective and drug resistance was likely to result from ART in Africa because Africans 
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‘do not know what Western time is’ and ‘do not know what you are talking about’ when 

asked to take drugs at specific times [3]. However, HIV-infected persons whose infec-

tions have progressed to AIDS are likely to die within 1 year; the imperative to save lives 

led to a commitment to ART for resource-limited countries [4]. Natsios’s concerns about 

African adherence have proved unfounded, as studies have now shown that in sub-

Saharan Africa adherence is often better than in high-income countries [5, 6].

A public health strategy was developed for ART to be extended rapidly to individuals 

in need [7] based on standardized simplified treatment protocols, standardized manage-

ment approaches and decentralized service delivery. Clinicians do not make individual-

ized ART decisions: ART start, determination of ART failure, and regimen selection is a 

matter of national policy guided by World Health Organization (WHO) recommenda-

tions [8]. This approach enables health-care workers with minimum training to deliver 

care to large numbers of patients in facilities without sophisticated resources.

The basis of ART scale-up is 1 potent first-line regimen and 1 alternate, both con-

sisting of 1 non-nucleoside reverse transcriptase inhibitor (NNRTI) supported by 2 

nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs), and 1 second-line regi-

men, based on 2 NRTIs and a protease inhibitor (PI) such as lopinavir whose efficacy 

is ‘boosted’ (enhanced) by another PI, ritonavir, in low doses. National selection of the 

first-line regimen for the population takes into account as far as possible efficacy, dura-

bility and tolerability (the criteria used in high-income countries), but also whether the 

ARVs are registered and marketed in the country, especially in fixed-dose combinations 

[9], their cost [10, 11] and whether drugs can be transported and stored unrefrigerated 

[10]. Second-line regimens for each country are based on WHO recommendations but 

in-country selection is based on primarily on availability and affordability of a regimen 

and, to the extent possible, its ability to minimize the effect of cross-resistance after a 

first-line failure [12]. Given limited laboratory facilities, decisions to start, substitute 

one first-line ARV for another, or switch to second-line treatment are generally made 

on the basis of clinical observation and WHO clinical staging or, if available, CD4 count 

[13], hemotology and biochemistry. In some sites in African and Asian countries, the 

decision to switch to second-line treatment is also based on viral load. Viral load mea-

surements are now recommended by WHO for determination of ART failure [6], but 

they are unlikely to be routinely performed in all sites in many resource-limited coun-

tries due to cost, complexity and lack of laboratory facilities. 

National ART policy is based on WHO guidelines in almost all countries where ART 

scale-up is taking place [13, 14]. The rapid scale-up of ART for HIV in resource-limited 

countries has become an international priority, although recent economic difficulties 

may slow the pace of expansion. The G8 countries and the United Nations member 

states have endorsed the global goal of universal access to ART by 2010, and the WHO, 

the Joint United Nations Program on AIDS (UNAIDS), the US President’s Emergency 

Plan for AIDS Relief, the Global Fund to Fight AIDS, Tuberculosis, and Malaria, and 

numerous countries and partner organizations are heavily committed to supporting 

ART expansion. At the end of 2008, it was estimated that more than 4 million people 
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were receiving ART in low- and middle-income countries, representing coverage of 

42% of the estimated 9.5 million people in need of ART [15]. The 2 areas where over 

90% of individuals in need of ART reside are sub-Saharan Africa and South/South-East 

Asia. As of December 2008, sub-Saharan Africa was estimated to have more than 2.9 

million people on ART, with coverage of 44% of the 6.7 million in need, whereas in 

2003 there were 100,000 on treatment and coverage was only 2%. In East, South and 

South-East Asia, 656,000 people (37% of the 1.5 million in need) were receiving ART in 

December 2008, a 9-fold increase compared with the 70,000 receiving ART at the end 

of 2003. Expansion has been rapid, but the need remains great. Most countries have tar-

geted coverage for 80% of individuals in need of ART as their 2010 goal [16]. How likely 

is it that drug resistant HIV will render ART ineffective as the scale-up is taking place?

Development of Drug-Resistant Strains of HIV

Generalizing from other organisms, journalists often imagine that emerging HIV 

drug resistance will take the form of one or more super-strains of multi-drug-resistant 

HIV that will quickly spread across countries and continents, but in fact the evolution 

and widespread transmission of 1 powerful strain of multi-resistant HIV is unlikely. 

Resistant strains of HIV are on the whole less fit than drug-sensitive strains, and most 

are less transmissible (and HIV itself is far less transmissible than most infectious 

organisms). No individual resistant strain has ever been identified among a large 

number of individuals; only 1 chain of transmission in more than 20 people has been 

reported in scientific literature, with the report demonstrating transmission over 3 

years among 24 individuals of an NNRTI-resistant strain in a network with a high 

rate of partner change [17]. Resistance patterns that are common among individuals 

do not generally result from their being infected with a common strain of HIV.

The viral dynamics of HIV provide an explanation for this phenomenon. Resistance 

to ARVs occurs because of mutations that emerge in the HIV genetic material cod-

ing for proteins whose functioning is targeted by ARVs. Specific mutations make the 

proteins less vulnerable to the drugs that target them, and during replication HIV is 

prone to mutations [18]. Coupled with its high mutation rate, the high level of virus in 

infected individuals and the rapid rate of viral turnover [19] ensure an infected indi-

vidual actually has a multitude of slightly different strains of HIV (‘quasi-species’). 

Most mutations create new HIV strains that cannot survive or replicate, but some of 

the new strains are viable. When an individual takes a non-potent or intermittent ARV 

regimen, strains with mutations that are resistant to one or more drugs in the regimen 

will evolve and quickly multiply to become the predominant circulating strains of 

HIV within the individual. Emergence of any one strain of resistant HIV as predomi-

nant within an infected individual depends on the interaction between the concentra-

tions of ARV drugs in the various compartments of the body, the current population 

of HIV quasi-species within the individual, and the individual’s own immune system. 



Preparing for HIV Drug Resistance in the Developing World 157

Fortunately, resistance-related mutations generally make HIV less fit than ‘wild-type’ 

(drug sensitive) HIV in the absence of drug pressure [20], so that resistant strains that 

arise spontaneously do not become the predominant viral population in an untreated 

individual. Also, when a potent ARV regimen produces suppression of HIV below 

measurable levels, viral evolution and replication are suppressed to a level where new 

resistant strains that arise do not replicate or remain in memory cells. To minimize 

the risk of development and replication of strains with new resistance mutations, ART 

should ideally maintain plasma HIV-1 RNA levels below the limits of detection of the 

commercially available assays (<50–400 copies/ml) [21].

Classes of Antiretroviral Drugs and Treatment Strategies in Resource-Limited 

Countries

Three major classes of ARVs are in common use, all of which target enzymes (pro-

teins) that are crucial to HIV’s life cycle. NRTIs act as DNA chain terminators and 

inhibit reverse transcription of the viral RNA genome into DNA, preventing a key 

early stage in HIV’s lifecycle; NNRTIs bind and prevent the action of reverse tran-

scriptase, and PIs prevent the enzyme protease from cleaving precursor proteins from 

which the inner core of viral particles is assembled [22]. Only these 3 ARV classes 

are likely to be used to any great extent in resource-limited countries according to 

current plans, because these drugs are potent, easy to manage and well-tolerated, 

relatively cheap, often available as fixed-dose combinations. In addition, newer drug 

classes are extremely expensive, require more complex management and have not 

been registered by manufacturers for use in many developing countries. Standard 

regimens consist of 3 or more drugs from at least 2 different classes, used in com-

bination to inhibit viral replication at multiple steps of the replication cycle. With 

all ART, drug pressure can be sub-optimal if treatment is interrupted, a non-potent 

regimen has been prescribed, or if ARV drug concentrations within the body are 

insufficient due to interactions with other drugs or the individual’s own metabolism. 

In the presence of sub-optimal drug levels, an DR-HIV strain can evolve and become 

the predominant circulating strain within an individual after only 2–4 weeks [23].

Mutations contributing to resistance to these 3 major drug classes develop in the 

regions of the HIV pol gene that code for the protease or reverse transcriptase enzymes. 

Different mutations confer or support resistance to different antiretroviral drugs or 

drug classes, and a particular resistance pattern may require a longer duration of inade-

quate drug pressure to develop. Each position in the HIV genome has 3 nucleotides that 

code for 1 amino acid in the relevant enzyme. If the predominant wild-type nucleotide 

triplet must undergo only 1 change to create the amino acid associated with resistance, 

the ‘genetic barrier’ to resistance is said to be low; if it requires 2 or more changes, the 

genetic barrier is higher. The genetic barrier is also based on the number of nucleotide 

mutations at different positions needed to confer resistance. PI resistance has a high 
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genetic barrier with many mutations generally required and the NNRTIs have a low 

genetic barrier, requiring as little as 1 nucleotide change in 1 mutation.

In contrast to the natural history of drug-resistant strains that develop in many 

other organisms, a DR-HIV subpopulation that achieves predominance in an indi-

vidual under inadequate drug pressure will generally not remain predominant in the 

circulation when the incomplete drug pressure is removed. Commonly transmitted 

drug-sensitive wild-type HIV has evolved to be more ‘fit’ and to have a higher capac-

ity to replicate within the human body in the absence of drug pressure than resistant 

strains [20]. If drug pressure ceases, wild-type HIV will outgrow the drug resistant 

strains quickly, again within 2 weeks to 1 month, and will become the predominant 

circulating strain once again. After stopping ART, the individual is unlikely to trans-

mit drug-resistant HIV after a few weeks to months. However, previously acquired 

drug-resistant strains remain present within memory cells and will quickly repli-

cate and become predominant again in an individual patient if the same drugs are 

restarted. Most drug-resistant strains are not resistant to all drugs and all drug classes, 

so after treatment failure suppression by a potent regimen to which these strains are 

not resistant is generally possible if the new regimen includes a new drug class [21]. If 

the new regimen is successful, replication of strains resistant to the previous regimen 

are effectively suppressed along with drug-sensitive strains. Also, residual anti-HIV 

activity remains even after development of resistance to NRTIs and boosted PIs [21], 

viral loads are substantially lower and some clinical benefit remains if ART with a 

regimen to which resistance has developed is maintained, and patients do substan-

tially worse if ART is stopped. Maintaining a patient on a regimen to which resistance 

has developed is recommended if no alternative regimens are available.

To prevent viral replication and maximize quality of life for an individual in treat-

ment, HIV replication should be effectively suppressed for the longest possible period 

of time with the initial regimen. NNRTI-based first-line regimens have fewer side 

effects and are cheaper than PI-based regimens, hence the recommendation for their 

use in first-line regimens in resource-limited countries. If the first regimen fails, a 

second regimen should be instituted to which drug-resistant strains evolved under 

the first regimen are likely to be sensitive, and so on. Prevention of DR-HIV depends 

on viral suppression and the use of appropriate regimens both initially and follow-

ing treatment failure. Use of a single drug initially generates resistant strains fairly 

quickly, and the addition of a single new drug to a failing regimen generally leads to 

generation of resistance mutations and subsequent failure.

Factors Potentially Associated with HIV Drug Resistance in Resource-Limited 

Countries

Many aspects of the public health ART strategy, where it is successfully imple-

mented, support limitation of DR-HIV. Except in the few countries like India with a 
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substantial private sector where inappropriate prescribing may be a problem, nearly 

all ART patients are treated with potent 3-drug regimens that can reliably suppress 

HIV replication to levels <50 copies/ml, also suppressing the emergence and replica-

tion of drug-resistant strains. The availability of a limited number of regimens limits 

unnecessary switching; the use of fixed dose combinations supports adherence [24] 

and limits selective drug-taking [25]. Widespread prescribing of inappropriate ART 

is seen more frequently in countries where many different ARV drugs are available, 

such as Mexico [26], than in countries following the public health approach with a 

limited number of regimens used in the public sector.

Despite earlier doubts, evidence is available that even in countries with very lim-

ited resources, ART programs based on the public health approach have shown effec-

tiveness equal to that seen in clinical cohorts in the USA and Europe using similar 

regimens [27–33]. A major challenge is to replicate these optimal outcomes in new 

ART sites as ART is expanded to approach universal access. Training additional per-

sonnel, and retaining currently trained staff when more lucrative jobs may be offered 

in high-income countries or when they themselves may be HIV-infected [34], and 

expansion of supervision, monitoring, laboratory services and drug delivery systems 

are major challenges. In this context there are many potential sources of interruptions 

to treatment, or suboptimal treatment, which can lead to insufficient drug pressure 

and DR-HIV.

Patient adherence in resource-limited countries has been reported as higher than 

in high-income countries [6, 35, 36], though many of the studies are small. The indi-

vidual factors facilitating non-adherence and resulting treatment interruptions are 

similar to those in high-income countries [37]. Fixed-dose combinations, fewer pills 

and less frequent dosing facilitate adherence. However, programmatic barriers to 

continuous ART access play a greater role in non-continuous drug taking and pre-

ventable DR-HIV emergence in resource-limited countries. Barriers include charges 

for treatment or drugs [28, 38–42] as well as long distances to be traveled to ART 

sites and lack of affordable transport [1, 43, 44]. Interruption of ARV supplies at both 

site and country level also leads to ART interruptions [45–47]; ongoing efforts are 

required to support drug supply continuity. Failure to pick up drugs on time may 

result from transport difficulties, illness, other obligations or lack of funds where 

payment is required. Even if drugs are picked as few as 48 h after previously dis-

pensed drugs run out, the interruption may result in NNRTI resistance [48] because 

an NNRTI will persist at subtherapeutic levels in the human body longer than NRTIs, 

leading to the equivalent of monotherapy. Failure to pick up ARV drugs before drugs 

picked up previously would have run out has been shown in numerous studies to be a 

major predictor of viral failure and the development of resistance [45, 49]. Temporary 

‘losses to follow-up’ from ART programs or ART stops may also be sources of resis-

tance [45, 50, 51]. Particularly if adherence was less than perfect beforehand, a lapse 

in clinic attendance of days to months may lead to NNRTI resistance. If the patient 

eventually returns for ART, he or she is likely in most resource-limited countries to 



160 Bennett

be re-started on the same first-line regimen, to which there may be archived NNRTI 

resistance. These sources of drug resistance are to some extent preventable by the 

application of targeted resources within the existing public health approach in exist-

ing programs [52, 53]. Maintaining continuity of treatment during human conflict 

and natural disasters is especially challenging, though careful planning and targeting 

of resources have minimized interruptions in some settings [54].

Some aspects of the public health approach as currently implemented could be 

associated with the emergence of additional resistance mutations during failing ART 

regimens. The most common first-line regimens in countries following the public 

health approach currently consist of stavudine (d4T) or zidovudine (AZT) plus lami-

vudine and an NNRTI [55]. Although new WHO guidelines recommend phasing out 

d4T due to its relative toxicity [6], its very low cost and efficacy may mean that some 

countries will continue its use. Because toxicity is associated with reduced adherence, 

this could contribute to drug resistance. Clinical or immunological determinations of 

ART failure in the absence of viral load monitoring are associated with unnecessary 

switches to second-line ART in the absence of virological failure, but also with the pro-

longation of a failing regimen and a later switch to second line [56–58]. Later switches 

for a failing first-line regimen that includes NRTIs are associated with the accumula-

tion of thymidine analogue and other resistance mutations [57, 59, 60], which can 

cause cross-resistance to many – and possibly all – NRTIs that might be used in a 

second-line regimen. This phenomenon has been reported among many failures in 

some countries [61], and more rarely in others [62]. It may be less likely when teno-

fovir (TDF) is included in the first-line regimen [63], but TDF availability is still lim-

ited in resource-limited countries and it is substantially more expensive than other 

NRTIs [9]. Even with viral load testing available, the patterns of resistance developed 

may severely limit NRTI options for second-line regimens [12]. There is some evi-

dence that second-line ART regimens combining a boosted PI with NRTIs may be 

sufficiently potent to succeed despite the presence of NRTI mutations [64]. A greater 

problem is the absence of second-line availability: key drugs in WHO-recommended 

second-line regimens, including TDF, abacavir (ABC), and ritonavir-boosted PIs are 

still limited or unaffordable in many countries, although prices have decreased sub-

stantially [9, 65]. Changing a patient’s regimen from first-line to second-line raises 

the cost between 9-fold in countries where generic drugs are available to 17-fold in 

middle-income countries where patent protections are in force [9].

There is little chance that salvage ART regimens (to be used after a second-line 

regimen has failed) including new drug classes will be widely available in resource-

limited countries during the next 5 years, because of their cost and complexity and 

because there is little economic incentive for pharmaceutical companies to register 

them in resource-limited countries. Companies may not make drugs available at 

affordable prices even if they are registered in countries. Although competition among 

generic manufacturers has reduced the price of first generation of ARVs more than 

99% since the year 2000, new patenting regulations make it unlikely that the newer 
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drug classes will benefit from a similar phenomenon. The World Trade Organization’s 

Trade-Related Aspect of Intellectual Property Rights agreement, honored by 148 

countries, requires pharmaceutical patents for the newer drug classes. All resource-

limited countries were required to provide patent protection for new pharmaceutical 

products as of 2005. India, which produces 90% of the ARVs used in resource-limited 

countries, initiated patent laws then. Because relatively few individuals are taking 

second-line regimens currently, the lack of salvage regimens is unlikely to contribute 

substantially to resistance at this time. However, eventually the necessity of maintain-

ing patients on a failing second-line regimen may also contribute to the emergence 

of resistance. In resource-limited countries, successfully treating patients for as long 

as possible on uninterrupted first-line ART, which is simpler to administer, associ-

ated with higher levels of adherence, and less costly than second-line ART, is crucial 

to both prevention of resistance and supporting good health for individuals living 

with HIV [53]. Reports have shown that adverse events (toxicity) during a first-line 

regimens may sometimes trigger unnecessary switches to more complex second-line 

regimens where appropriate alternate first-line ARVs for substitution are unavailable 

because of cost [66].

HIV Drug Resistance Associated with Prevention of Mother-to-Child HIV 

Transmission

NNRTI resistance mutations have been reported in 20–69% of women [67–69] who 

have received single-dose nevirapine (sd-NVP) to prevent HIV transmission to a child 

during pregnancy. However, although suboptimal with regard to resistance, for pro-

grammatic reasons sd-NVP is the most common ARV prophylaxis intervention used 

for prevention of mother-to-child transmission (PMTCT) of HIV in resource-limited 

countries because of its safety, efficacy, simplicity and low cost [70, 71]. NNRTI muta-

tions associated with sd-NVP, unlike those that appear with inadequate ART-associated 

drug pressure lasting weeks to months, are reported not to affect the outcome of ART 

provided it commences more than 6–12 months after PMTCT [72]. The short duration 

of sd-NVP exposure may limit the number of DR-HIV strains in memory cells [73]. An 

increasing number of eligible women are receiving PMTCT in resource-limited coun-

tries (45% worldwide and 58% in Eastern and Southern Africa as of December 2008 

[1, 15]), and mutations associated with sd-NVP may have an adverse effect on those 

who receive ART for less than 6 months. Increasingly, women eligible for ART during 

pregnancy are receiving potent 3-drug ART [74]. For those not ART eligible, PMTCT 

utilizing ARV combinations to minimize resistance is recommended [75], and its pro-

vision is increasing in many countries, though greater complexity of administration 

and cost may limit expansion of this option. New recommendations for prolongation 

of PMTCT during pregnancy and to cover the period of breast feeding [75] may have 

a mixed effect on the emergence of DR-HIV. Longer duration of PMTCT will prevent 
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HIV transmission more effectively, but also produces more opportunities for poor 

adherence, which could result in transmission of resistant strains.

NNRTI resistance is widespread in HIV-infected infants whose mothers have 

received NVP monotherapy for PMTCT or who themselves receive NVP monother-

apy. This resistance has been associated with failure of NNRTI-based regimens sub-

sequently used for pediatric ART [68]. However, because 85–95% of infants whose 

mothers or who themselves receive NPV monotherapy do not become HIV-infected 

[76], this is currently a relatively infrequent cause of resistance in children on a popu-

lation basis. However, direct administration to infants of NVP for PMTCT is also 

increasing (35% in 2008), and is another potential source of resistance in children 

that could affect NNRTI-based ART adversely. In April 2008, WHO revised its pedi-

atric ARV guidelines [77] to recommend the use of the boosted PI lopinavir/ritonavir 

(LPV/r) for infants who have been exposed to an NNRTI either directly or through 

their mothers. This recommendation is scientifically justified, but LPV/r syrup for 

children is 70% more expensive than a liquid NNRTI-based regimen, and requires 

refrigeration, and for both reasons may not be widely used in resource-limited coun-

tries [77]. Development of pediatric versions of heat-stable PIs should be prioritized.

Treatment failure and DR-HIV emergence in children in resource-limited coun-

tries is also associated with inappropriate use of adult formulations because pediat-

ric formulations are unavailable, because doses do not take into account changes in 

weight, and because of adherence problems [77]. Finally, there are several available 

pediatric fixed-dose combination ARVs that come in doses for various child sizes, 

but of the 22 ARVs approved by the US Food and Drug Administration for adults, 6 

are not approved for use in children and 7 have no pediatric formulations [78]. Most 

pediatric formulations are not yet well adapted for use in resource-limited settings: 

they come in powder or syrup forms and many need to be mixed with clean water or 

require refrigeration. Even after this problem has been solved, strategies to address 

access barriers and adherence support will be urgently needed.

Transmission of HIV Drug Resistance

The prevalence of transmitted HIV drug resistance depends on many factors, but one 

of the most important is ART use, that is, the extent to which ART is used in an area, 

how long it has been widely used, and the numbers and percentages of those who are 

currently on a failing regimen [79–81]. In most resource-limited countries, 15–20% 

of HIV-infected individuals are estimated to be in need of ART [15], and only 45% 

of these received ART in 2008; in 2003, only 2% of those in need were receiving ART 

[15]. Based on these figures, models predict transmitted HIV drug resistance at a level 

of ≥5% is unlikely for many years in most of these countries [79–81]. Because the 

majority of ART patients are starting on highly potent regimens [7], the rise of drug 

resistance transmission is likely to be delayed compared to high-income countries, 
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where ART scale-up was initially implemented with resistance-associated monother-

apy and 1-class dual therapy. The effect of maintaining individuals on a failing regi-

men in the absence of viral load testing may contribute to transmitted drug resistance 

as the duration of widespread ART increases in countries, although the extent of this 

contribution requires more study. Residual ARV activity and partial viral suppression 

is often seen in individuals taking a regimen to which resistance has developed [82–

84], which could lower the risk of transmission. Those who stop taking their drugs 

will not continue to transmit DR-HIV because the more fit drug-sensitive strains will 

quickly take over as majority quasi-species in the absence of drug pressure. Also, the 

proportion of patients not eligible for ART, plus those who are eligible but are not 

receiving ART, will continue to be much higher than the proportion receiving ART; 

transmission risks are likely to be congruent with these proportions. Success in lim-

iting risk behavior among ART patients can also decrease transmission of resistant 

strains. ‘Prevention for positives’ programs that focus on reducing risky behavior 

among patients in care, as well as supporting adherence, have demonstrated beneficial 

reduction in risk behaviors among ART patients in resource-limited countries, lower-

ing the risk for HIV transmission, including transmission of resistant strains [85–88].

One potentially worrying finding is that drug-resistance mutations persist for much 

longer in the circulation among individuals whose resistant strains are due to trans-

mission rather than acquired during treatment [89, 90]. In high-income countries, 

transmission chains from individuals who themselves have a primary infection with 

DR-HIV has been well-documented [17, 91]. Fortunately, such chains of transmission 

are reported among relatively few individuals in high-income countries where trans-

mitted resistance levels are much higher than in resource-limited countries, and as 

previously stated, the relative proportions of newly infected individuals with transmit-

ted DR-HIV are likely to remain low in resource-limited countries for many years.

WHO recommends a public health approach to surveillance and prevention of 

resistance rather than a strategy based on laboratory testing for resistance in indi-

vidual patients [92]. This strategy is integrated into the national HIV treatment and 

care plan. The most important drug resistance assessment does not involve labora-

tory testing. HIV drug resistance ‘early warning indicators’ (ART program factors 

known to be associated with drug resistance and susceptible to preventive action) 

are abstracted from medical and pharmacy records in all ART sites in a country, or 

a large number of representative sites, and public health action is taken to improve 

site functioning [92]. These include: prescribing practices; losses to follow-up; the 

extent to which patients are still on an appropriate first-line ART regimen 12 months 

after starting ART; the extent to which patients pick up ARV drugs before previous 

drugs would have run out; clinic appointment keeping, and continuity of ARV drug 

supplies. Site profiles are collected annually on costs of care to patients, clinic and 

pharmacy hours, distances and costs of transport, type and extent of adherence sup-

port and support for follow-up of patients who do not return. Many countries report 

sites have insufficient resources to ensure adequate follow-up for patients who do not 
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return and to support patients in picking up their ARV drugs on time, particularly 

where transport costs are a problem. Other countries report that lack of drug supply 

continuity at ART sites is a major problem. Charges for laboratory tests and other 

clinical services (not generally for ARV drugs) are a continuing barrier to continuity 

of care, particularly in some Asian countries.

WHO also recommends that countries conduct limited laboratory surveys in sen-

tinel ART sites to evaluate baseline resistance in patients starting ART, and factors 

associated with virologic failure and resistance 12 months after ART start [93]. The 

third assessment element consists of small surveys to assess transmitted DR-HIV 

in capital cities and other areas where ART has been widespread for at least 3 years 

[94, 95]. So far, surveys from 11 resource-limited countries have demonstrated no 

substantial transmission of DR-HIV [95, 96]. DR-HIV prevention elements recom-

mended by WHO include support for adherence and follow-up, minimizing barriers 

to continuous access to care, training clinical staff about appropriate prescribing and 

care, and focused efforts to enhance drug supply continuity at the country, provincial 

and site level.

Substantial progress has been made in providing life-saving ART in resource-lim-

ited countries, and in implementing measures which will limit the emergence and 

transmission of drug resistance. Costs of many ARV drugs have been lowered sub-

stantially [9], and more fixed-dose combinations, which foster adherence [97], are 

available [9]. The recent ‘patent pool’ for ARV drugs put in place by UNITAID could 

further reduce costs [98]. Drug supply systems have improved in many countries, but 

treatment interruptions due to supply shortages continue to be widely reported [78]. 

Decentralization to smaller ART sites will not only make treatment available to more 

patients, but will cut-down travel time and transport costs which contribute to ART 

interruption. On the other hand, substantial stigma [99–103] is still attached to HIV 

infection, causing many patients to continue to choose clinics far away from their 

homes for treatment or to miss picking up their drugs on time. A lack of essential lab-

oratory tests to monitor adverse reactions (which contribute to ART interruptions) 

and to determine ART failure causes substantial difficulty in many countries; adverse 

reactions, as well as contributing to morbidity, are associated with reduced adherence 

and drug resistance [65, 104, 105]. Development of low-cost, feasible laboratory tests 

and laboratory infrastructure to support optimal HIV care should be prioritized.

Summary

HIV drug resistance is associated with ART in all countries of the world. ART programs 

in resource-limited countries demonstrate equal success in preventing treatment fail-

ure compared with programs in centers of excellence in high-income countries. There 

is little evidence that patients in resource-limited countries are less capable of ART 

adherence than those in high-income countries, and some evidence that they do better. 
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