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Abbreviations 

APACHE II Scoring system for severity of illness 
AME Aminoglycoside Modifying Enzyme 
ARE Ampicillin Resistant Enterococcus 
ASE Ampicillin Susceptible Entrococcus 
Cfu Colony forming unit 
CDC Centers for Diseases Control and Prevention 
CRP C-reactive protein 
DNA Deoxyribonucleic Acid 
HLR High Level Resistance 
HSCT Hematopoietic Stem Cell Transplantation 
ICU Intensive Care Unit 
PBP Penicillin Binding Protein 
PCR Polymerase Chain Reaction 
PFGE Pulsed Field Gel Electrophoresis 
MIC Minimal Inhibitory Concentration 
MLST Multi-Locus Sequence Typing 
QRDR Quinolone Resistance Determining Region 
RNA Ribonucleic Acid 
rRNA Ribosomal Ribonucleic Acid 
SMI Swedish Institute for Infectious Disease Control 
SRGA Swedish Reference Group for Antibiotics 
UUH Uppsala University Hospital 
VRE a Vancomycin Resistant Enterococcus 
VSE Vancomycin Susceptible Enterococcus 
 
 

a In the U.S.A. where teicoplanin is not used, glycopetide resistant 
enterococci are referred to as VRE. In Europe where teicoplanin is widely 
used all glycopeptide resistant strains are referred to as GRE (glycopeptide 
resistant enterococci).  In Sweden, the term VRE has become more 
established and in the following, strains with acquired resistance to 
glycopeptides will be referred to as VRE and glycopeptide resistant 
enterococci in general as GRE.
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Introduction and background 

The name Enterococcus first appeared in a paper written by Thiercelin in 
C.R. Soc. Biol. 1899, “Sur un diplocoque saprophyte de l`intestine 
susceptible de devenir pathogene” (Thiercelin 1899). The pathogenicity of 
enterococci was recognized the same year by MacCallum and Hastings who 
isolated an organism which they named Micrococcus zymogenes with 
properties consistent with those of enterococci from a case of acute 
endocarditis (McCallum and Hastings 1899). During the next three decades, 
these Gram-positive bacteria originating from the human intestine were more 
intensively studied. They seemed associated with endocarditis, wound 
infection, urinary tract infection, puerperal sepsis and even food poisoning, 
and the name Streptococcus faecalis was used more frequently by various 
authors (Murray 1990).  
In the 1930s, Lancefield suggested the division of streptococci into four 
groups based on their reaction with A-G antisera and enterococci were 
classified as group D streptococci. In 1970, a separate genus named 
Enterococcus including Streptococcus faecalis and Streptococcus faecium, 
was suggested (Kalina 1970). The genus was not accepted, however, until 
genetic evidence fully distinguished the enterococci from streptococci in 
1984 (Schliefer and Killper-Baltz 1984). Until now, DNA-DNA, DNA-
rRNA hybridizations and 16S rRNA sequencing studies have so far resulted 
in 23 distinct species included in the genus Enterococcus. (Table 1). 
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Table 1. Species proposed for inclusion in the genus Enterococcus. 

 
Species Year of 

description 
 

Reference 
 

E. faecalis 1984 (Schliefer and Killper-Baltz 1984) 
E. faecium 1984 (Schliefer and Killper-Baltz 1984) 
E. avium 1984 (Collins 1984) 
E. casseliflavusa 1984 (Collins  1984) 
E.gallinarium 1984 (Collins  1984) 
E. durans 1984 (Collins  1984) 
E. malodoratus 1984 (Collins  1984) 
E. hirae 1985 (Farrow and Collins 1985) 
E. mundtii 1986 (Collins 1986) 
E. pseudoavium 1989 (Collins 1989) 
E. raffinosus 1989 (Collins  1989) 
E. cecorum 1989 (Williams 1989) 
E. saccharolyticus 1990 (Rodrigues and Collins 1990) 
E. columbae 1990 (Devriese 1990) 
E. dispar 1991 (Collins 1991) 
E. sulfureus 1991 (Martinez-Murcia and Collins 1991) 
E. flavescensa  1992 (Pompei 1992) 
E. asini 1998 (de Vaux 1998) 
E. ratti 2001 (Teixeira 2001) 
E. porcinusb 2001 (Teixeira  2001) 
E. villorumb 2001 (Vancanneyt 2001) 
E. haemoperoxidus 2001 (Svec 2001) 
E. moraviensis 2001 (Svec  2001) 
E. pallens 2002 (Tyrrell 2002) 
E. gilvus 2002 (Tyrrell  2002) 

 

aDNA reassociation studies indicate these to be the same species 
bDNA homology studies indicate these two to be the same specie. 

Genus description and habitat 
 
Enterococci are facultative anaerobic Gram positive cocci that appear singly, 
in pairs and in short chains. The optimum growth temperature is 35ºC and 
most strains grow at 10 and 45ºC. All strains grow in broth containing 6.5% 
NaCl, produce leucine aminopeptidase (LAP) and hydrolyze esculin in the 
presence of 40% bile salts, which kills most other microorganisms. 
Enterococci are usually catalase negative but strains occasionally produce 
pseudocatalase. Most species hydrolyze pyrrolidonyl-ß-naphtylamide (PYR) 
and produce a cell wall antigen that is identified as the streptococcal group D 
antigen. They are considered strict fermenters because they lack a Kreb´s 
cycle respiratory chain. 
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Enterococci are widespread in nature, can grow and persist in harsh 
environments and have been detected in the fecal flora of most animals, from 
insects to mammals. They are also readily recovered from foods such as milk 
and meat products, from various environmental sources and in waste and 
surface water (Aarestrup 2002). Enterococci are part of the normal bacterial 
flora of the human bowel and E. faecalis have been one of the most common 
bacteria isolated from feces of healthy individuals. It is also the dominating 
species among enterococci isolated from infected sites (approximately 80%), 
and with E. faecium being isolated from most of the rest. Since strains with 
acquired resistance to ampicillin and vancomycin have been predominantly 
E. faecium, this species has increased among hospital enterococcal isolates 
during the last 15 years (Iwen 1997). 

Clinical significance of enterococci 
In community acquired infections, enterococci are commonly associated 
with urinary tract and wound infections, most often caused by E. faecalis. In 
infected wounds, such as diabetic foot wounds, E. faecalis is regularly 
isolated as part of a polymicrobial flora and the clinical significance of 
enterococci in such cultures is often ambiguous. It was very early recognized 
that enterococci were able to cause bacteremia and endocarditis and it has 
been estimated that 5-20% of all endocarditis cases are caused by 
enterococci (Murray 1990).  
Since the late 1980s, enterococci, and mainly E. faecium, have emerged as 
important nosocomial pathogens with the ability to acquire resistance to 
almost all known classes of antibiotics. In a point-prevalence study on 
nosocomial urinary tract infection in 228 European hospitals during 1999, 
enterococci were the second most commonly isolated microorganisms 
(15.8%) (Bouza 2001). Emerging nosocomial enterococcal infections 
include bacteremia, surgical site and intra-abdominal infections, and more 
rarely CNS, neonatal and pulmonary infections (Richards 2000) (Sitges-
Serra 2002) (Dettenkofer 1999) (Nachman 1995). 

In spite of the wide range of infections associated with enterococci they 
are generally considered less virulent than streptococci and S. aureus. It has 
been noted that some enterococcal infections, even blood-stream infections, 
resolve without specific therapy (Quale 1996) (Dougherty 1984). The 
underlying condition of the patient seems to play an important role for the 
outcome of enterococcal infections. Patients with hematological 
malignancies, a history of transplantation or severe burns have been more 
readily colonized with multi-resistant strains and have also been more likely 
to experience bacteremia and subsequent serious outcome than non-
immunocompromised patients (Papanicolaou 1996, Bach 2002) (Still 2001) 
(Roghmann 1997) (Montecalvo 1996) (Linden 1996). 
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Epidemiology 

The study of the epidemiology of enterococci with acquired antimicrobial 
resistance is interesting but complex. There are contrasting differences 
between continents and sometimes even between individual countries, 
depending on the resistance phenotype and genotype studied. Factors 
associated with these contrasting findings are associated with differences in 
the use of antimicrobial agents among humans and animals as well as 
differeces asssociated with spread and colonization of individuals in 
different countries. 

Prevalence of ARE and VRE 

North-America 
 
According to the National Nosocomial Infection Surveillance System of the 
CDC, the proportion of VRE of the total number of enterococcal blood 
isolates increased from 13% to 26% between 1995 and 2000. Data from  the 
TNS database in 1999, collecting information from more than 100 clinical 
U.S. laboratories, showed resistance to ampicillin and the glycopeptides to 
be rare in E. faecalis  but very common in E. faecium, 83% and 52%, 
respectively (Huycke 1998) (Anonymous 2000). 

 

Europe 
 
Data from the European Antimicrobial Resistance Surveillance System 
(EARSS 2001) on invasive enterococcal isolates from 24 countries revealed 
considerable differences in resistance rates between countries. In 2001, the 
highest proportions of VRE among E. faecium were reported from Greece, 
Italy and Portugal (14%, 15% and 21%, respectively) but most countries 
reported rates of 0-5%. Ampicillin resistance among invasive strains of E. 
faecium was frequently found (mean 71%, range 40-86%) indicating an 
increasing prevalence of ARE strains in most European countries. 
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Nordic countries 
 
In Sweden 2001, 73% of E. faecium (n=196) but no E. faecalis (n=479) 
blood-isolates were ampicillin resistant. No VRE were identified (EARSS 
2001). Isolation and clinical identification of VRE (E. faecium and E. 
faecalis) were made notifiable under the Swedish Communicable Diseases 
Act in 2000 and during the following two years, not more than 20 isolates 
were reported each year. VRE were rare in the other Scandinavian countries 
as well. Iceland reported no cases and so far only sporadic human VRE cases 
have been found in Denmark and Norway (personal communication). 
Finland reported a major VRE outbreak in the Helsinki area during 1996-97 
(Suppola 1999). 

Epidemiology of ARE 

North-America 
 

The first report of high-level beta-lactam resistance in enterococci dates back 
to the late 1980s when a ß-lactamase producing aminoglycoside resistant E. 
faecalis strain spread rapidly on an infant-toddler ward (Rhinehart 1990) 
Some years later, Barbara E. Murray and coworkers suggested clonal spread 
of a single ß-lactamase producing E. faecalis strain to six hospitals in five 
US states. They based their suggestion on PFGE analyses of isolates 
obtained from the hospitals during a seven-year period. The study also 
indicated the strain to be genetically stable for several years (Murray 1991). 
Since then, ß-lactamase producing strains have very rarely been reported.  

Instead, an increase of ampicillin-resistant E. faecium strains with 
overproduction of PBPs with low affinity to penicillin (see antimicrobial 
resistance section) was noted, mainly in the U.S. but also in Europe. Such 
ARE strains increased sevenfold in a university hospital in Michigan during 
the years 1986-88. Imipenem use was found to be independently associated 
with ARE infections in the hospital, also when adjusting for length of 
hospital stay (Boyce 1992). Risk factors for colonization with ARE were 
further prospectively studied in a medical unit and an ICU in a veterans 
affairs medical center in California. Previous treatment with cephalosporins, 
urinary tract catheterization and being bedridden were significantly 
associated with ARE colonization in univariate analysis (Chirurgi 1992). 
Advanced age and clindamycin use were independently associated with 
acquiring ARE in another study at a teaching hospital in North Carolina and 
ARE were found to be endemic and of multi-focal origin in this hospital 
(Sexton 1993). In an outbreak of vancomycin-ampicillin and aminoglycoside 
resistant E. faecium in an adult oncology unit in New York state 1994, all 
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isolates carried the vanA gene and genetic fingerprinting with PFGE analysis 
suggested a clonal outbreak. Five patients had VRE septicemia and four of 
these died. Logistic regression analysis showed antibiotic treatment to be a 
significant risk factor for infection when infected and non-infected stool 
carries were compared (Montecalvo 1994). The same year, a Canadian study 
found risk factors for acquisition of ARE (colonization or infection) to be 
long duration of hospitalization, prior antimicrobial therapy and combined 
therapy for at least 7 days (McCarthy 1994). Acquisition of ARE was 
associated with a higher mortality compared to ASE controls and ARE 
infection was suggested to be a marker of poor outcome.  

Finally, a large prospective US study on the prevalence, incidence and 
factors associated with colonization with resistant enterococci in a university 
hospital in North Carolina found prior hospitalization, treatment with more 
than three antibiotics, empiric use of antibiotics, use of third generation of 
cephalosporins and the use of enteral feeding tubes all to be factors 
associated with nosocomial acquisition of ARE (Weinstein 1996).  

Europe 
 
ARE have been studied to some extent in the Nordic countries, including the 
papers in this thesis, but there are few studies from other Europen countries. 

In Finland, vanA and vanB were incorporated into two endemic ARE 
clones that spread among patients in the Helsinki area (Suppola 1999). 

In Norway, the first outbreak of ARE at a university hospital was 
described in 2000. Even in this outbreak, a majority of the ARE isolates 
were clonally related. Four VRE (vanB) isolates were also found and these 
were closely related to the ARE outbreak clone. Independent risk factors for 
ARE infection were underlying neurological or gastrointestinal disease, use 
of antimicrobial agents, use of cephalosporins, and length of hospital stay 
(Harthug 2000b). Recently another Norwegian study on the carriage rates of 
ARE and high-level gentamicin resistant enterococci in 10 major hospitals 
showed the mean prevalence of ARE carriage to be 6.9%, and also showed 
48% of the ARE isolates to be clonally related according to PFGE. (Harthug 
2002).  

These Nordic experiences demonstrate the capability of ARE clones to 
spread in hospitals and also the risk of incorporation of additional resistance 
genes into such clones. 
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Epidemiology of VRE 

North America 
 
The first outbreak of VRE in a British renal unit in the end of the 1980s 
(Uttley 1989) was soon followed by reports of VRE outbreaks in U.S. 
hospitals. Initially, VRE was assumed to be a strictly hospital-based problem 
usually affecting immunocompromised hosts in specialist units. When the 
proportion of vancomycin resistant enterococci among all U.S. enterococcal 
isolates between 1989 and 1993 increased more than 20-fold, it became clear 
that VRE were becoming endemic. 

A large number of investigations on risk-factors for VRE colonization 
and infection in hospitals as well as of clonality and the genetics of VRE 
were carried out in the US during the 1990s. The overall impression of all 
these studies was that severely ill patients often with immunosuppression 
and/or renal impairment, prolonged hospital stay and heavy antibiotic 
consumption (especially vancomycin, cephalosporins and anti-anaerobic 
antibiotics) were readily colonized and infected with VRE (Livornese 1992, 
Frieden 1993, Handwerger 1993, Morris 1995). Clonal spread of VRE in and 
between hospitals was common but colonization among non-hospitalized 
persons was not found (Frieden 1993, Morris 1995, Coque 1996) (Silverman 
1998).  

In contrast to Europe (see below), glycopeptides were never licensed for 
use for other purposes than in human medicine in the US. On the other hand, 
the use of vancomycin in US hospitals increased dramatically during the 
1990s (Kirst 1998). In 1995, a CDC advisory committee formulated 
guidelines for the preventing the spread of vancomycin resistance. These 
included limitations in the use of vancomycin, improved infection-control 
measures, education efforts and use of surveillance cultures (HICPAC 1995). 
The guidelines have been successful in controlling VRE in regions but have 
not hindered the continuous emergence of VRE nation-wide, indicating 
problems of adherence (Ostrowsky 2001). 

In summary, the heavy increase of VRE in US hospitals seems to be due to 
serious problems with both antibiotic overuse and infection control practices 
but there were no indications of input of VRE to hospitals from reservoirs in 
the community.  
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Europe 
 
European studies revealed much lower VRE carriage rates in hospitals 
compared to the US, although a heavy increase of VRE in hospitals was 
noted in England and Wales lately (Austin and Anderson 1999). European 
outbreaks of VRE have been sporadic and usually with few serious 
infections, but mainly of the vanA genotype.  

In contrast to the situation in European hospitals, VRE was found to be a 
common colonizer of farm animals and healthy citizens in central European 
countries (van den Bogaard 1997) (Aarestrup 1996) (Bates 1994). One small 
but interesting study found high carriage rates of VRE among meat eating 
elderly persons in Holland but absence of VRE among elderly vegetarians, 
supporting the hypothesis of a link between animal food products and VRE 
carriage among healthy individuals (van den Braak 1997).  

It was soon suspected that the widespread use of avoparcin for growth 
promoting purposes in farm animals might select for VRE among farm 
animals (Klare 1999). Denmark, where 24 000 kg of avoparcin but only 24 
kg of vancomycin was used in 1994, may illustrate the heavy selection 
pressure among farm animals compared to humans during those years 
(Wegener 1998). Avoparcin confers cross-resistance to vancomycin of the 
vanA resistance genotype and this genotype has been dominant among both 
human and animal VRE isolates in Europe, whereas vanA and vanB have 
been equally prevalent in US hospitals. Moreover, strains with identical 
transposons Tn1546 have been found in Europe among both animals and 
humans (Jensen 1998) (Willems 1999). Thus, there are several strong 
indications of the spread not only of resistant bacterial strains but also of 
glycopeptide resistance genes from animals and via the food-chain to 
humans in European countries. 

The above discussed differences in the use of glycopeptides in hospitals and 
in animal husbandry in the US and Europe have been proposed as an 
explanation for the different epidemiology of VRE on the two continents. 
The excessive and inappropriate use of glycopeptides among livestock and 
the evidence of transmission of antibiotic resistance genes as well as bacteria 
from animals via meat products to man, was one direct cause for the 1998 
EU ban of the use of avoparcin, as well as a number of additional 
antimicrobial agents, as growth promoters to livestock within the union.  

In Sweden, a national feedstuffs act prohibited all administration of 
antimicrobials (including avoparcin) for growth promoting purposes to 
livestock in January 1986. Thus, Sweden is one of the rare countries in the 
world totally lacking this major risk factor for emergence of antimicrobial 
drug resistance and may be regarded as a “negative control country” in this 
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respect. Previous to the period of the present study, only one human VRE 
case was reported in Sweden (Melhus and Tjernberg 1996). 

 
Figure 1. Swedish calf with no need for growth promoting antibiotics in the feed.  
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Nosocomial spread 

Spread in hospitals 
In the previously mentioned outbreak of a ß-lactamase E. faecalis strain 
among infants and staff on an infant-toddler surgical ward, the strain was 
found in eight of 33 employees and 78 of 1028 children admitted during 
1998 (Rhinehart 1990). A nurse carried the resistant strain both in her feces 
and on her hands and care by this nurse was an independent risk factor for 
colonization of patients (odds ratio 11.6).  

Since then several studies have demonstrated the ability of resistant 
strains of enterococci to prevail and spread in hospitals. Enterococci are able 
to colonize not only the gut but also the skin, oral cavity and lungs of 
hospitalized patients (Beezhold 1997) (Bonten 1996). Long duration of stay 
in hospitals, stay in units with high proportions of colonized patients, use of 
electronic thermometers, and diarrhea have all been factors associated with 
spread of resistant strains (Morris 1995, Brooks 1998) (Bonten 1998b) 
(Boyce 1994). 

All these experiences make obvious the importance of having efficient 
infection-control routines in hospitals. Use of surveillance, isolation and 
barrier precautions have been successful in controlling minor outbreaks in 
non-endemic situations (Boyce 1994, Handwerger 1993). Recently it was 
demonstrated that VRE could be controlled in a large region with 32 health 
care facilities, provided that consequent and active infection-control 
measures including surveillance cultures and isolation of all infected and 
colonized patients were carried out. In that region, the overall prevalence of 
VRE decreased from 2.2% to 0.5% within 2 years (Ostrowsky 2001). On the 
other hand, if smaller outbreaks are not controlled the situation may become 
complex and even endemic. Bonten and coworkers studied VRE 
epidemiology in an ICU and introduced the term “colonization pressure” 
meaning the proportion of colonized patients in a setting during a given 
period. They found that if the colonization pressure was >50% all other 
measures had only little impact on the time to acquisition of VRE. In an 
endemic setting measures such as cohorting of patients, protection of high-
risk groups, reduction of the total antibiotic pressure and education of staff 
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may be more important than surveillance and isolation of every patient 
(Bonten 1998b) (Hayden 2000). 
 

 
       Figure 2 Enterococcus faecium on human skin and hair follicle. 

               Image copyright Dennis Kunkel Microscopy, Inc. www.denniskunkel.com 

Hands, thermometers and environmental surfaces 
That the hands of health care workers are efficient tools for spreading 
microorganisms between patients in hospitals is true also for resistant 
enterococci (Bonilla 1997, Boyce 1995). The impact of hand-washing has 
not been uniformly positive in US studies, possibly because use of gloves 
sometimes seems to have replaced hand-washing. Half a minute of wash 
with 60% alcohol solutions was more effective in eradicating VRE from the 
hands than was soap and water (Wade 1991). Thus, the Swedish 
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recommendation of hand disinfectant use as the first choice for cleaning of 
hands without visible contamination, may be a wise one. 
E. faecium isolates survive for 7 days on counter tops, 24 hours on bedrails, 
60 minutes on telephones and 30 minutes on stethoscopes (Noskin 1995). 
Rectal thermometers and even blood pressure cuffs have been involved in 
the spread of VRE (Livornese 1992, Rhinehart 1990, Bonten 1996). One 
recent study showed the environment to be contaminated around VRE 
colonized patients, another that the hands of medical staff may be equally 
easy contaminated with VRE by environmental contacts and colonized 
patients (Donskey 2000a) (Bonten 2001). These findings illustrate the 
importance of proper cleaning of devices shared between patients and the 
use of hand disinfectants both before and after patient contact when trying to 
control spread of resistant bacteria in hospitals. 
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Antimicrobial resistance in enterococci 

Enterococci are intrinsically resistant to many antibiotics, including 
aminoglycosides, beta-lactam antibiotics (high-level to cephalosporins), 
clindamycin and in vivo to trimetoprim-sulphamethoxazole (Murray 1990). 
The following presents mechanisms of resistance to betalactams, 
vancomycin, fluoroquinolones and the aminoglycosides only as they apply 
to enterococci. 

Betalactams. 

Action of beta-lactamantibiotics and intrinsic resistance 
 
Gram-positive bacteria have a thick cross-linked outer membrane 
peptidoglycan layer. Beta-lactam antibiotics act by inhibiting cell wall 
synthesis by binding to penicillin binding proteins (PBPs) involved in the 
synthesis of bacterial peptidoglycan. 
All enterococci are naturally high-level resistant to cephalosporins, the 
semisyntetic penicillinase resistant penicillins and low-level resistant to 
other penicillins due to bacterial production of a low-affinity penicillin- 
binding protein (PBP 5) (Fontana 1983). In addition, enterococci also have 
the ability to achieve tolerance to the bactericidal effect of penicillins and 
vancomycin (Murray 1990). Ampicillin is the drug of choice for 
enterococcal infections and ampicillin MICs for E. faecalis generally are 1-4 
mg/L and for E. faecium 4-8 mg/L.  
 

Acquired resistance 
 
Beta-lactamase production is the first mechanism of acquired resistance and 
is only described in E. faecalis. It was first recovered from a patient in 1981 
in Houston, Texas (Murray and Mederski-Samaroj 1983). Strains producing 
beta-lactamase have since been found only on the American continent. 
Recently a survey found no such E. faecalis in Swedish ICUs (Hallgren 
2001). Beta-lactamases hydrolyze the beta-lactam ring and thereby inactivate 
the drug. The enterococcal penicillinase gene is identical to the gene 
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encoding staphylococcal type A penicillinase and is often found on a 
transferable plasmid that also encodes high-level resistance to gentamicin. 
The activity of the beta-lactamase of E. faecalis is reversed by the beta-
lactamase inhibitors clavulanate, sulbactam and tazobactam.  

The second mechanism of acquired resistance to beta-lactam antibiotics in 
enterococci is caused by a mutations in chromosomal DNA (pbp5 gene) 
resulting in overproduction of a modified PBP5 with low affinity to beta-
lactam antibiotics (Fontana 1994) (Ligozzi 1996). These strains are often 
referred to as ARE and the vast majority are E. faecium. A number of point 
mutations in the penicillin binding region of the pbp5 gene confers different 
levels of resistance to all beta-lactam antibiotics including imipenem. ARE 
isolates typically have ampicillin MICs of 8– 64 mg/L, but may have MICs 
of >128 (and 3rd generation cephalosporin MICs of >10000). This type of 
beta-lactam resistance is not reversible with the beta-lactam inhibitors 
mentioned above. Recently, pbp5 has been described as transferable on a 
plasmid (Raze 1998).  

Ampicillin resistance may also be linked to vancomycin resistance of the 
vanB-type and may be transferred between strains of E. faecium on the 
mobile element Tn5382. This genetic package was found in unrelated E. 
faecium strains from several states in the U.S.A. suggesting horizontal 
dissemination of these genes among enterococci in that region (Carias 1998) 

Glycopeptides 

Action of the glycopeptides and intrinsic resistance  
 
Like beta-lactam antibiotics, glycopeptides are inhibitors of cell wall 
synthesis, but through a different mechanism which does not interact with 
the enzymes involved in cell wall synthesis. The glycopeptides are very 
large hydrophobic molecules that bind to the peptidyl-D-alanyl-D-alanine 
termini of the peptidoglycan precursors at the cell surface. The mechanism 
of action is thought to be as simple as steric inhibition of further cell wall 
synthesis by the presence of these large molecules at the surface of the 
cytoplasmic membrane alone (Figure 3). 

Intrinsic resistance 
 
Glycopeptide resistance is due to bacterial synthesis of modified 
peptidoglycan precursors with reduced affinity for the glycopeptides (Figure 
Courvalin). Enterococcus gallinarium harbor vanC1 and Enterococcus 
flavescens and Enterococcus casseliflavus the vanC2 gene and all display the 
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VanC phenotype characterized by intrinsic resistance to vancomycin (MICs, 
4-32 mg/L) but susceptibility to teicoplanin (Table 2). 

Acquired resistance  
 
The biochemical mechanism of regulation and expression of acquired 
resistance to the glycopeptides in enterococci is the most sophisticated and 
perfect example of the genetic adaptation of bacteria ever described 
(Leclercq and Courvalin 1997). There are four phenotypes of acquired 
resistance to the glycopeptides, VanA, VanB, VanD and VanE (Murray 
2000). The relation of these phenotypes to different enterococcal species, 
MIC levels and transferability of resistance genes is presented in Table 2. 

 
 

Table 2. glycopeptide MIC levels and presence of transferable resistance  
in the 5 different phenotypes of glycopeptide-resistant enterococci. 

 
Phenotype and 
species  

 
Vancomycin 
MIC (mg/L) 

 
Teicoplanin 
MIC (mg/L) 

 
Transferable 
resistance 

VAN A: 
E. faecium 
E. faecalis 
E. avium 
E. durans  

 
64 - >1000 

 
16 – 512 

 
Yes 

 
VAN B: 
E. faecium 
E. faecalis 

 
4 - 1024 

 
0.25 – 2 

 
Yes 

 
VAN C: 
E. gallinarium 
E. caseliflavus 
E. flavescens 

 
 
2 - 32 

 
 
0.12 - 2 

 
 
No 

 
VAN D: 
E. faecium 
E. faecalis 

 
 
16 - 64 

 
 
2 – 4 

 
 
ND 

 
VAN E: 
E. faecalis 

 
16 

 
0.5 

 
No 

N.D. Not determined. 
 
The VanA phenotype is characterized by high-level resistance to both 
vancomycin and teicoplanin. Resistance is mediated by seven genes on a 
mobile genetic element Tn1546 (Arthur 1993). This transposon has the 
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ability to direct its own transfer from the chromosome of one enterococcal 
strain to another (Handwerger and Skoble 1995) The genes encode seven 
polypeptides (VanR, VanS, VanH, VanA, VanX, VanY and VanZ) that act 
cooperatively to confer glycopeptide resistance. The two first, VanR and 
VanS, regulate the expression of resistance genes, the next three, VanH, 
VanA and VanX, confer resistance to glycopeptides by translation of a 
modified cell wall precursor ending in D-alanyl-D-lactate (D-Ala-D-Ala-
Lac) instead of the normal D-Ala-D-Ala. The last two (VanY and VanZ) are 
accessory proteins that contribute to resistance by inhibition of the normal 
pathway for peptidoglycan synthesis. A schematic representation of the 
pathways for peptidoglycan synthesis in susceptible and resistant 
Enterococcus species is outlined in Figure 3.  
 
Figure 3. Schematic representation of pathways for peptidoglycan synthesis in 
glycopeptide-susceptible (right) and resistant (left) enterococci. In resistant strains, 
theVanH dehydrogenase synthesizes D-lactate from pyruvate and VanA ligase 
catalyzes the formation of D-Ala-D-Lac which is then branched to form a 
pentadepsipeptide. Vancomycin has a greatly reduced affinity to D-Ala-D-Lac 
compared to D-Ala-D-Ala. VanX and VanY have important functions in inhibiting 
the normal pathway for synthesis of D-Ala-D-Ala. The figure is modified from 
(Leclercq and Courvalin 1997). 
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The VanB phenotype is characterized by low to high-level resistance (MICs 
4 mg/L to >1000 mg/L) to vancomycin but normally retained susceptibility 
to teicoplanin. A few isolates with resistance also to teicoplanin have been 
described (Murray 2000). Resistance is induced by vancomycin but not by 
teicoplanin. The vanB gene cluster is also associated with a mobile genetic 
element Tn1547. Another such element, Tn5382 was recently found to be 
inserted immediately downstream of a pbp5 gene explaining the close 
association between and VanB and ampicillin resistance, discussed earlier. 
Genetically, the vanA and vanB resistance genes are quite similar, only a 
single amino acid in VanS differs between the two genotypes. 
 
VanD and VanE are the most recently described phenotypes (Perichon 1997) 
(Patino 2002). They are characterized by low to moderate resistance to 
vancomycin and low-level resistance to teicoplanin. The genes encoding this 
type of resistance seem to be located on the chromosome and transfer of 
these to other enterococci has so far not been demonstrated.  

Fluoroquinolones 

Action of fluoroquinolones and intrinsic resistance 
 
In all Gram-positive bacteria, two proteins, DNA-gyrase and topoisomerase 
IV, are considered to be the main targets for the fluoroquinolones. DNA-
gyrase is a tetrameric enzyme with two subunits, encoded by the gyrA and 
gyrB genes respectively, that catalyses the negative supercoiling of DNA. 
Negative supercoils are important for initiation of DNA replication. 
Topoisomerase IV acts by separating interlocked DNA strands allowing the 
forming of daughter chromosomes into daughter cells. Topoisomerase IV 
also has two subunits, encoded by the parC and parE genes respectively 
(Drlica and Zhao 1997). Different fluoroquinolones have different levels of 
action against the two enzymes. Topoisomerase IV seems to be more 
sensitive and is often regarded as the primary target of fluoroquinolones in 
Gram-positive bacteria (Hooper 2002). 

Intrinsic and acquired resistance  
 
Two main groups of chromosomal mutations cause two mechanisms of 
resistance in enterococci. The first causes low-level resistance by reduced 
drug accumulation either by decreasing the uptake or increasing the efflux of 
the drug. Endogenous efflux pumps seem to be widespread among wild-type 
strains of enterococci and might be the explanation for the intrinsic low-level 
resistance of most enterococci to the fluoroquinolones (Lynch 1997). 
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High-level resistance to fluoroquinolones is due to mutations in regions 
encoding subunits of DNA gyrase and topoisomerase IV (gyrA, gyrB, parC 
and parE). Fluoroquinolones interact with complexes of each enzyme in 
DNA by trapping the complex and hinder further DNA replication (Hooper 
2002). This leads to cell death by yet poorly defined mechanisms. In 
enterococci mutations in gyrA at positions 83 and 87 and parC at position 80 
are more extensively studied than mutations in gyrB and parE (Brisse 1999) 
(el Amin 1999). Ciprofloxacin resistance seems to be more widespread in E. 
Faecium, maybe due to clonal spread of such strains. It should be 
emphasized that ciprofloxacin-resistance in enterococci also confers cross-
resistance to newer quinolones with better Gram-positive activity and that 
superinfections in patients treated with fluoroquinolones have been reported. 
(Hooper 2002) 

Aminoglycosides. 

Action and intrinsic resistance of the aminoglycoside 
 
Aminoglycosides bind to the 30S subunit of the bacterial ribosome and 
interfere with protein synthesis. The spectrum of activity includes mainly 
Gram-negative but also some Gram-positive bacteria such as S. aureus. 
Aminoglycosides are bactericidal with increased killing at higher 
concentrations. The combination of an aminoglycoside with a beta-lactam 
antibiotic results in synergistic efficacy and has long been the golden 
standard in enterococcal endocarditis (Wilson 1995). 

Low-level resistance 
 
Low-level aminoglycoside resistance is an intrinsic characteristic of all 
enterococci. It is mediated by reduced uptake of the aminoglycoside through 
the cell membrane resulting in MICs to strepto/kanamycin of 250 and to 
genta/tobramycin of 8-64 mg/L. In E. faecium, tobramycin, netilmicin, 
kanamycin and sisomicin are inactivated by a chromosomally encoded 
enzyme, aminoglycoside- 6´-acetyltransferase (AAC-6´) resulting in MICs 
of typically 128-500 mg/ml. Gentamicin and streptomycin are not 
inactivated by AAC-6` (Moellering 1973) and gentamicin is therefore the 
aminoglycoside of choice in serious infections with E. faecium. 

Acquired resistance 
 
High level resistance to gentamicin (HLGR) in enterococci (MICs ≥1000 
mg/ml) was described in E. faecalis in 1979 and E. faecium in 1988. The 
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gene encoding HLGR was probably the result of the fusion of two genes 
encoding two aminoglycoside modifying enzymes (AMEs) (aac-6´and aph-
2´´) into one gene encoding a very powerful bi-functional AME, the 
Aac(6´)-Ie (Ferretti 1986) This enzyme complex confers resistance to all 
clinically useful aminoglycosides (gentamicin, tobramycin, amikacin and 
netilmicin) and also confers resistance to synergism between cell-wall active 
agents and the aminoglycoside to which the strain is resistant (Murray 1990). 
Transposons and plasmids have spread this gene world-wide in both 
staphylococci and enterococci (Simjee and Gill 1997). Recently E. faecium 
clusters harboring this gene and the transposon Tn5281 were reported in 
isolates from several Swedish ICUs (Hällgren 2003). Unfortunately, several 
additional genes also confering HLGR were recently reported (Chow 2000). 
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Impact of antibiotic use on antimicrobial 
resistance in enterococci 

Selection of resistant strains 
Antibiotics may theoretically promote intestinal colonization and infection 
with enterococci, and particularly E. faecium, by several mechanisms.  
First, most of the commonly used antibiotics in hospitals (cephalosporins 
fluoroquinolones, extended spectrum penicillins, aminoglycosides) have 
little or no activity against enterococcal strains, and even less so resistant 
strains. Moreover, E. faecium generally expresses higher MICs to beta-
lactam antibiotics than E. faecalis and therefore has advantages in an 
environment where these agents are widely used. 
Second, colonization can be promoted by antibiotic inhibition of other 
bacteria (such as intestinal anaerobes) that compete with enterococci for 
colonization niches. 
As mentioned before, an association between antibiotic use and colonization 
and infection with resistant enterococci has been supported by a large 
number of studies over the years. Long duration of antibiotic therapy, use of 
multiple antibiotics and single use of vancomycin, third-generation 
cephalosporins, imipenem and antianaerobic antibiotics have all been found 
to be risk factors. Oral vancomycin and particularly teicoplanin 
administration strongly selected for VRE in the fecal flora of healthy 
volunteers (Van der Auwera 1996). Vancomycin use has frequently been 
pointed out as the most important risk factor for the emergence of VRE in 
hospitals (HICPAC 1995). 

However, to blame the use of one single antibiotic class for the 
emergence of antimicrobial resistance is probably a simplification In 2001, 
use of both vancomycin and third generation cephalosporins were reported 
to be independently associated with increased prevalence of VRE in 126 
U.S. intensive care units (Fridkin 2001). Recently, a meta-analysis of U.S. 
studies, performed before 1996, and reporting an association between 
vancomycin use and VRE infection and colonization was carried out. When 
adjusted for publication bias, confounding by length of stay and the selection 
of wrong control groups, vancomycin was no longer significantly associated 
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with VRE (Carmeli 1999). Studies involving oral vancomycin use were not 
included in this analysis.  

Can a change of antibiotic strategies reduce the 
selection of resistant enterococci? 
Most physicians agree on the need to minimize unnecessary antibiotic use in 
order to avoid the emergence of resistant bacteria. However, in some units in 
hospitals, such as ICUs and hematology units, there is still a need for 
extensive use of antibiotics. An interesting question then arises: can a switch 
from one class of antibiotics to another for major use in a unit influence the 
risk of acquiring resistant enterococcal strains? 

In the U.S., E. faecium strains with high MICs to ampicillin (>128 mg/L) 
and very high MICs to extended spectrum cephalosporins (>10000 mg/L) 
but lower to piperacillin (256-1024 mg/L) have emerged recently. During 
ordinary dosing, the concentrations of ceftriaxone in human bile are < 5000 
mg/L but piperacillin reaches >1000 mg/L. Consequently, almost all bacteria 
are killed during piperacillin treatment, and almost all except E. faecium are 
also killed during ceftriaxone therapy. Thus, E. faecium would be able to 
colonize the gut of patients treated with ceftriaxone. 

This hypothesis was confirmed in a mouse model where ceftriaxone was 
found to promote VRE colonization in the mice and piperacillin to protect 
from such colonization. In another mouse model, the same authors found 
that antianaerobic antibiotics promoted persistence of VRE colonization, 
probably by inhibiting the anaerobic flora in the gut competing with VRE for 
a colonization niche (Donskey 2000b, Donskey 1999). In humans, 
antianaerobic antibiotics were found to promote high-density VRE 
colonization in 40 of 42 antianaerobic regimens in 33 VRE colonized 
patients (Donskey 2000a) and was also found to be the only significiant for 
VRE bacteremia in a Baltimore hospital (Lucas 1998). 

The effect of piperacillin was recently investigated in a hematology unit 
in London. A significant decrease of VRE colonization rates was noted 
(from 29% to 8%) among patients after a switch of recommended first-line 
therapy from ceftazidime to piperaillin-tazobactam. VRE colonization rates 
increased significantly after a switch back to ceftazidime. Rigorous 
infection-control measures were kept unchanged during the investigation 
(Bradley 1999). 

In a Veterans Affairs medical Center in Brooklyn, NY, VRE colonization 
rates increased steadily to reach almost 50% of all hospitalized patients in 
1995, despite implementation of infection-control practices as recommended 
(HICPAC 1995). In an attempt to control this situation, the use of 
cephalosporins and clindamycin was restricted and use of betalactamase 
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inhibiting antibiotics was recommended to replace third-generation 
cephalosporins. After 6 months, VRE colonization rates had decreased from 
47% to 15% (p<.001) and the use of cephalosporins and clindamycin had 
decreased significantly. Notably, the decline in vancomycin use was modest 
during this period (Quale 1996). 

All the above experiences show that altering antibiotic policies can gain 
benefits in the struggle against antimicrobial resistance. Studies in this field 
will clearly be even more important in the future. Unfortunately, such studies 
must be prospective and will require personnel and economical resources 
that may be hard to generate in the strained economy of many hospitals 
today. 

Are resistant strains a greater threat to the patients than 
susceptible ones? 
The mortality associated with enterococcal bacteremia is generally high (34 
to 46%), regardless of antimicrobial susceptibility pattern of the infecting 
strain. Some studies showed attributable mortality rates in VRE bacteremia 
of 20-50 % (Edmond 1996) (Bhavnani 2000). Others indicated the higher 
mortality rates in VRE infections to be associated with the often severe 
underlying conditions of the patients rather than the susceptibility of the 
infecting enterococcal strain. One carefully conducted study found no 
difference in death rates among patients infected with VRE compared to 
VSE if the patients were controlled for severity of illness and gender (Shay 
1995). Another study, using multivariate analysis showed increasing 
APACHE II score to be the major risk factor for death and the resistant 
properties of the infecting enterococcal strain to be of minor importance 
(Lucas 1998). In liver transplant recipients vancomycin resistance was 
shown be an independent predictor of enterococcus related mortality (Linden 
1996). Excess mortality due to ARE infection is not widely studied but in a 
Norwegian study of an outbreak in a university hospital, the death rate of 
patients infected with ARE was 18.7% compared to 8.9% for controls, 
corresponding to an attributable mortality of 9.8% (Harthug 2000b). 
Thus, resistant enterococcal strains clearly pose a threat to 
immunocompromised patients but whether an infection with such a strain is 
more dangerous in non-immunocompromised patients is still under debate.  
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Typing methods. 

Systems for typing of microorganisms can be divided into genotypic and 
phenotypic: 

Genotypic methods  
 
The rapid development of the field of genetics has been invaluable for our 
understanding of the molecular epidemiology of bacteria. Genetic methods, 
such as pulsed-field gel electrophoresis (PFGE), including preparation of 
chromosomal DNA, cleavage with restriction enzymes and PFGE have been 
the methods of choice when investigating clonal relationships among 
enterococci. The guidelines for interpretation of relatedness and clonality  
(<7 band differences between strains) as proposed by Fred Tenover  have 
been considered the golden standard in such investigations (Maslow 1993) 
(Tenover 1995). PFGE offers high reproducibility and has a high 
discriminatory power which is useful when investigating local outbreaks 
during shorter time periods (e.g. six months) but can be a disadvantage when 
investigating clonal relationships over longer time periods. One single 
deletion or insertion of a base pair in the genome of the bacteria can result in 
three band differences and insertion of a transposon (in vitro) more than 6 
band differences in the same strain (Thal 1997). However, investigations of 
VRE strains in long-term colonized patients over periods up to 160 days 
have shown strains to be genetically stable, suggesting that large changes in 
the genome occur infrequently among clinical isolates in nature (Bonten 
1998a). Another drawback of PFGE is that it is a labor-intensive method and 
other methods may be more suitable when typing large numbers of isolates.  

To further overcome the shortcomings of PFGE, even more sophisticated 
genetic typing systems such as amplified fragment length polymorphism 
(AFLP) and multilocus sequence typing (MLST) have been developed 
(Willems 2000) (Homan 2002). These are even more labor intensive and 
expensive methods that include PCR of genomic restriction fragments 
(AFLP) or direct sequencing of defined sections of house keeping genes of 
the bacteria (MLST). A power computer then constructs dendrograms based 
on the PCR and sequence results. The methods are suitable for studies of 
clonal relations in an evolutionary sense rather than clonal spread in an 
outbreak situation. Advantages are lack of biased results, easy interpretation 
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and possibilities of exchange of data via the internet (MLST). Recently, an 
MLST scheme was developed for E. faecium and typing results suggest that 
epidemic lineages of E. faecium emerged worldwide and that certain such 
lineages have the ability to persist and colonize patients in hospitals (Homan 
2002). These lineages (only VRE) have almost uniformly harbored a variant 
esp gene, suggested to be associated with colonization and possibly with 
increased virulence in these bacteria (Willems 2001).  

Phenotypic methods 
 
These methods are based on the phenotypic expression of genes rather than 
the sequences of these and are cheaper and often simpler to perform but not 
as sensitive as the genetic methods. The growing interest in ecological 
investigations, when often large number of isolates need to be typed, has 
resulted in a need for faster and cheaper typing techniques for bacteria. The 
PhenePlateTM RF (PhP-RF) system is a recently developed phenotypic 
method, based on a 96 well microplate containing 8 sets of eleven 
dehydrated reagents, selected to have a high discriminatory power among 
enterococcal isolates. The kinetics of each reaction is evaluated by 
measuring the absorbance value of each well three times during 64 hours, 
and a biochemical fingerprint is calculated as the mean value for each 
reagent over the three readings. The PhP-RF method was shown to be highly 
reproducible, even when results from different laboratories were compared, 
and the discriminatory power, measured as Simpson’s diversity index, was 
as high as 0.96 for all enterococci (Kuhn 1995).  
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Virulence factors in enterococci 

Despite the increasing significance of E. faecium in human infection, 
virulence factors and the genetic determinants encoding such factors remain 
poorly characterized. Hemolysin, aggregation substance and 
gelatinase/proteinase are all well established as virulence factors in E. 
faecalis but have not been found in E. faecium. The enterococcal surface 
protein (Esp) is another virulence factor in E. faecalis that has been strongly 
associated with adherence to urinary epithelium in mice and clearly seems 
associated with colonization of the urinary tract (Shankar 1999, Shankar 
2001). Moreover, there is convincing evidence that this large protein is 
involved in biofilm formation. The presence of Esp in a strain would clearly 
be an advantage for colonizing patients with indwelling devices (Toledo-
Arana 2001). 
Recently, esp was associated also with epidemic spread of vancomycin-
resistant E. faecium in hospitals in the U.S., Australia and Europe (Willems 
2001). The relation of this gene to infection with E. faecium has not been 
studied so far. 
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Aims of this study 

The aims were to: 
 
•  investigate the carriage rates of ARE and VRE in hospitalized patients 

and non-hospitalized individuals in Sweden. 
 
•  determine clonal relationships among ARE strains in Sweden by use of 

phenotypic and genetic methods, and to study the relation of mutations in 
resistant-determining genetic regions to clonality in such strains. 

 
•  evaluate risk-factors for colonization and infection with ARE among 

hospitalized patients, and the clinical impact of ARE infection. 
 
•  investigate the molecular epidemiology of ARE in a large hospital. 
 
•  identify shedders of ARE and risk-factors for such shedding to the 

environment. 
 
•  investigate the presence of a virulence gene, esp in ARE isolates from 

infected and colonized patients in a hematology unit and the significance 
of this gene in colonization and infection with ARE. 
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Materials and Methods 

Sample size and origin of enterococcal isolates  
Enterococcal isolates from patients in 27 hospitals and non-hospitalized 
individuals in cities all over Sweden were used. The numbers of the 
collections are referred to further on in the result section. For an overview of 
isolates and corresponding papers, see Table 3. 

Isolates from hospitalized patients and non-hospitalized individuals in 
Sweden 
 
1. 181 ARE, 9 VRE and 169 ASE isolates from fecal samples of patients at 

27 major hospitals in Sweden 1997 (Figure Y). 40 ARE fecal isolates 
from non-hospitalized individuals in 20 cities nation-wide collected in 
1998 (II, IV). 

 
2. Five ARE isolates submitted to SMI in 1990-1992 when an increase of 

ARE was first observed in the country. Three of these were clinical 
isolates from the University Hospital in Linköping, 1991 (LI84, LI134, 
and LI135) and one (HA1) from Halmstad County Hospital representing 
the first clonal outbreak of ARE in Sweden 1992. The oldest fecal ARE 
strain (JO10) was found in 1990 during a screening program of healthy 
individuals (IV). 

 
3. 29 fecal ASE isolates from healthy individuals obtained during the 

above screening program 1990 (IV). 
 
4. Four VRE isolates (and additional surveillance isolates) from 4 patients 

and an outbreak of VRE in Örebro during 1996-97 (I). 
 
5. 38 ARE isolates from infectious sites of 38 patients on different wards at 

UUH during 1994-95. The ARE isolates from the infectious sites and 
perineal and environmental cultures (total n=95) were used (III). 
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6. 29 isolates from patients with ARE bacteremia in a hematology unit 
during 1994-2001 and isolates from colonized sites of patients in this and 
other units at UUH (n=92) (IV). 

Control strains 
 
•  E. faecalis ATCC 29212, E. coli ATCC 25922 and S. aureus ATCC 

29213 were used for antibiotic susceptibility testing and E. faecium 
BM4147 vanA and E. faecalis V583 vanB, kindly provided by P 
Courvalin, Institute Pasteur, Paris for control PCR.  

 
•  An ampicillin and ciprofloxacin susceptible E. faecium, ATCC 19434T 

was used for sequencing (IV).  
 
•  Two VRE control strains, E0060 (esp negative) and E0300 (esp positive) 

were kindly provided by Rob Willems, Bilthoven, Netherlands (V). 
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Table 3. Numbers and sources of enterococcal isolates used and 
corresponding papers with aims and main methods used. 

Paper 
No. 
 

No of 
isolates and 
resistance 
type 
  

Sites of 
culture 

Source of 
isolates 
(collection1) 

Aim of study Main methods  
used 

I 4 2 VRE  Urine, 
feces, 
Wound 
CAPD fluid 

Patients at 
Örebro County 
Hospital      (4) 
 
 

Study of a 
VRE 
outbreak 

Outbreak 
investigation, 
PCR, PFGE 

II 181 ARE 
   9  VRE 

Feces Patients in 27 
major hospitals 
nation-wide (1) 
 

II 40 ARE Feces Non- 
hospitalized 
individuals  (1) 
 

 
Carriage 
rates and risk 
factors for 
VRE and 
ARE 

 
Point-
prevalence  
and case-
control study, 
PCR, PFGE 

III 95 ARE 
 

Clinical and 
perineal 

Patients at 
UUH           (5) 
 

Risk factors 
for infection 
and shedding 
of ARE 
 

Case-control 
study,  
PFGE 

IV 224 ARE 
198 ASE 

Fecal and 
historical 
clinical and 
fecal 

Same as paper 
II and SMI 
isolates from 
1990-92   (1-3) 
 

Clonal 
relationships 

Php and 
PFGE typing, 
sequencing 
 

V 92 ARE 
 

Blood 
Fecal/ 
perineal 

Hematological 
and other 
patients at 
UUH          (6) 

Risk factors 
for 
bacteremia 
/virulence 

Case-control 
study, 
PFGE, PCR 

 

1 See Materials and Methods 
2 In addition to the 4 index VRE isolates, a number of fecal samples were taken from the cases 
and other patients. 

Study designs. 

The first hospital outbreak of VRE in Sweden (I) 
 
During a 17-week period 1995-96, 3 patients (cases) in a renal unit at Örebro 
Medical Center Hospital (ÖMCH) and a fourth case in a surgical ward at 
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Lindesberg hospital were found to be infected with VRE. The epidemiology 
of this VRE outbreak was investigated with molecular fingerprinting and 
PCR for van and ddl E. faecium genes of the VRE isolates. Rectal swabs were 
taken from all patients and all personnel in the renal unit. Follow-up fecal 
samples were taken from all cases until negative for VRE.  

Fecal carriage rates of VRE and ARE in hospitals (II) 
 
Study A (II): A multi-center nation-wide point-prevalence study on the fecal 
carriage rates of ARE and VRE among patients on two wards in each of 27 
major hospitals in Sweden was performed in 1997 (Figure 4). Data on 
gender, age, travel outside Scandinavia, previous hospitalizations and 
antibiotic treatment were recorded (Tables 5 and 6). The study was 
coordinated from SMI. Nurses and physicians of a National Enterococcal 
Study Group, created for this purpose, carried out data recording and fecal 
sampling at each hospital. 
The members of the study group in each hospital selected two wards, with 
high and low consumption of antibiotics, respectively. The records of drug 
deliveries to each ward during 1997 were obtained from hospital pharmacies 
and the number of patient bed days for each ward from hospital 
administrations. Each sampled patients record was reviewed. Age, gender, 
period of hospitalization, prior hospitalizations within 3 and travel outside 
Scandinavia within 12 months and antibiotic treatment during the previous 
two weeks were recorded. 
When 9 VRE isolates were found in a renal unit during the study and since 
only 3 renal units were included, we considered the risk of selection bias. 
Therefore 5 additional renal units at 5 other university hospitals were asked 
to submit fecal samples from admitted patients. No further characteristics of 
these patients were recorded. 
 
Study B (II): To investigate the prevalence of VRE among healthy citizens, a 
second phase of the study was performed. Individuals visiting 20 infectious 
diseases outpatient units were asked to submit fecal samples for ARE and 
VRE cultures. Individuals with previous hospitalization 30 days prior to 
attending the outpatient clinics were not included in the study. A data set 
similar to the one of study A, but with some modifications for outpatients 
was used in study B. 

Risk factors for infection and spread of ARE at UUH (III) 
 
Between 1991 and 1995 the percentage of ARE among enterococcal isolates 
in clinical samples from patients at UUH increased from 0.5% to 8.1%. Risk 
factors for infection with ARE in 38 ARE infected case patients, vs. 38 
controls patients infected with ASE were studied prospectively during seven 
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months. All cases and controls were visited on the wards and their records 
were reviewed for the origin of specimen, age, sex, ward, underlying disease 
and immunosuppressive chemotherapy. Antimicrobial therapy, any history 
of surgery or endoscopy, the use of urinary or central line catheters and 
previous hospital admissions during the preceding 3 months and body 
temperature, leukocyte counts and CRP levels during one week before the 
ARE/ASE findings were recorded. To evaluate the physicians´ opinions of 
the significance of the ARE and ASE culture findings (infection or 
colonization), a second review of each case and control was performed four 
weeks after the first one. Any antimicrobial therapy initiated due to the ARE 
or ASE finding was then registered.  
 
Colonization was studied by sampling with a perineal swab from each case. 
Presence of ARE in this culture was defined as skin carriage. Shedding of 
ARE from the cases to the near environment was studied using settle plates 
and VPP pads. Isolates from infectious sites and environmental isolates were 
subjected to PFGE of genomic DNA (collection 5). Shedding was defined as 
growth of ≥1 cfu of ARE on the settle plates and/or the bedside table in the 
room of the case. Cases with growth of >5 cfu of ARE on the settle plates 
were defined as heavy shedders and the others as low-grade shedders. 

Risk-factors for bacteremia with ARE in a hematology unit during seven 
years (V) 
 
For each ARE bacteremia case during the years 1994-2001, two control 
patients were randomly picked among other patients hospitalized in the unit 
during the same month as the case until a matched pair of the same gender 
and age (+\- 5 years) was found. The records of cases and controls were 
reviewed for diagnoses, treatment with HSCT, colonization with ARE, 
antibiotic treatment and length of stay. Cases and controls were classified as 
“colonized” if ARE were isolated in fecal, perianal or urinary samples 
previous to or at admission, “not colonized” if such cultures had been ARE 
negative and as “unknown colonization status” if this information was 
missing. The length of stay in the unit was defined as the number of days 
from admission to growth of ARE in blood for cases and the total number of 
days in the unit for controls. Deaths during the stay of cases and controls 
were also recorded. 

Clonality among ampicillin resistant Enterococcus faecium isolates in 
Sweden and relation to ciprofloxacin resistance (IV) 
 
The PhP typing method was used to compare 180 fecal ARE from patients in 
27 hospitals, collected in 1998 to 169 fecal ASE isolates from patients in 23 
of these hospitals. The 39 fecal ARE isolates from non-hospitalized 
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individuals 1998, and 5 ARE and 29 ASE isolates from the early 1990s were 
also analyzed (collections 1-3). In addition, representative ARE and ASE 
isolates were subjected to PFGE analysis of genomic DNA and sequencing 
of the regions encoding the fluoroquinolone targets of the enzymes GyrA 
and ParC in order to see how mutations in these regions correlated with 
the typing results. 

 

Presence of the variant esp gene in ARE isolates collected in a hematology 
unit (HU) during 7 years and relation of this gene to invasive ARE infection 
(V) 
 
ARE isolates (collection 6) in blood from patients in the HU and other 
infected and colonized sites from patients in the HU and other units at UUH 
were analyzed for the presence of the variant esp gene. 40 ARE isolates from 
outpatients and 11 E. faecium isolates from healthy individuals in Dalarna 
were also analysed. Blood-isolates (n=29) from all patients with ARE 
septicemia over a 7 year period were fingerprinted by PFGE. The objectives 
were to study the prevalence of this gene in ARE isolates, to assess its 
relation to invasive ARE disease and to investigate the molecular 
epidemiology of invasive ARE isolates in the HU during 7 years.  

Microbiology 

Sampling and culture techniques 

Fecal and perineal sampling (I, II, III, V) 
 
Fecal cutures: Swabs (II) and regular feces (I, V) were used Swabs were 
inserted in the rectum of study patients, inspected visually for brown color 
change when withdrawn, and transferred to transport medium. Regular fecal 
sampled were collected according to standard hospital routines. 
Perineal sampling was carried out by rubbing a cotton swab firmly to the 
skin in the perineal area (around the anus) (III, V).  
 
 
 
 
 
 



34 

Culturing 

Paper I 
 
For VRE screening, fecal samples were cultured on BBL agar plates and 
typical colonies growing in the inhibition zone around a 30 µg vancomycin 
disc were suspected to be VRE. 

Paper II 

Swabs were put into 1 ml nutrient broth and vigorously shaken for 10s. 50 
µL of the resulting suspension was used for ARE and 200 µL for VRE 
screening. Screening for ARE was performed by direct plating of the 
suspension on Cephalexin Azthreonam Arabinose (CAA) agar (Ford 1994) 
containing cephalexin 10 mg/L, azthreonam 75 mg/L, amphotericin B 5 
mg/L and ampicillin 30 mg/L. Screening for VRE was performed in two 
steps. The suspension was first inoculated into 5 ml of Enteroccosel® 
enrichment broth (BBL, Becton Dickinson Microbiology systems) 
containing vancomycin 8 mg/L and azthreonam 60 mg/L, incubated at 37°C 
and examined at 72 h. Tubes indicating growth by even the slightest color 
change to black were subcultured by inoculating 50 µL on CAA agar with 
vancomycin 8 mg/L. These plates were incubated for 24 h at 37°C. The 
accuracy of this screening method to detect VRE was tested with the kind 
assistance of A E van den Bogaard, University Hospital, Maastricht, The 
Netherlands, who provided seven blinded human fecal samples. We 
accurately found five of the samples to contain E. faecium vanA and two to 
be negative for VRE. 

Paper III 
 
Perineal swabs were directly plated onto bile-esculin agar plates (Becton 
Dickinson Microbiology Systems) with 10mg/L ampicillin added (BBL-
ampi-plate). 

Paper V 
Fecal samples: 0.5 g of feces was put into 4.5 ml of BHI-broth and 0.1ml 
was cultured on a BBL-ampi-plate. Perineal samples were cultured 
according to the methods of paper II. 

Blood, urinary and wound samples (III, V) 
 
Clinical samples were cultured according to routine laboratory procedures, 
and standardized according to Swedish laboratory standards. Blood cultures 
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were handled manually until 1994, and were thereafter cultured in a Bact-
Alert (Organon teknika gen. Diagnostics AB) machine. 

Settle plates and VPP pads (III) 
 
Shedding of ARE to the near environment was investigated by two methods: 
  
Patient bedside tables were sampled in a standardized manner with a sterile 
5x5cm viscose-polyester-polyamide (VPP) pad (Hambraeus 1990). VPP 
pads were “stomached” for 1 min in a plastic bag with 30 ml 2% polysorbate 
80 with 0.3% lecithin in PBS according to a previously described method 
(Hambraeus 1990). 0.5 ml was further spread onto the surface of a blood 
agar plate and 0.5 ml onto a BBL-ampi-plate. Viable counts were made after 
incubation of the plates in 37°C for 24 h. 
  
Open settle plates were placed on the floor at a distance of 1m from the 
patient bed and exposed for 24-h (III). Suspected enterococcal colonies were 
inspected visually and further inoculated onto a BBL-ampi-plate. 

Identification of genus and species. 

Genus identification 
 
Enterococci were identified by colony morphology, Gram-positive coccoid 
appearance, ability to hydrolyze esculin and absence of catalase production 
(I, II, II, IV, V). A positive pyroglutamyl-B-napthylamide (PYR) test was 
used for some strains (II, IV). 

Species identification 
 
•  Enterococcal isolates (or fecal and perineal samples) were cultured on 

CAA agar containing ampicillin 30 mg/L and E. faecium colonies were 
identified by examining colonies surrounded by a zone of color change 
from red to yellow indicating fermentation of arabinose (II, IV, V). 
 

•  Species identification of all blood isolates (III, V) and some other 
isolates (I) was performed by the API 20 Strep or rapid ID 32 Strep test 
kits (Bio Mèrieux, Lyon, France). (III, V). 

 
•  If in doubt of species, determination of E. faecium, E. faecalis, E. 

gallinarium (I, II, IV) and E. casseliflavus (II, IV) was carried out by PCR 
of the ddl genes as described by Dutka-Malen Genotype (vanA, vanB and 
vanC-1) was determined by PCR as described by Clarke (I) and (vanA, 
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vanB, vanC-1 and vanC-2) (II, IV) by Dutka-Malen (Clark 1993, Dutka-
Malen 1995). 

 
•  Ampicillin susceptible E. Faecium were obtained by picking colonies 

from around the inhibition zone of a 10 µg ampicillin disc (>20 mm) 
placed on a CAA plate (II, IV).  

Antimicrobial susceptibility testing 
Antimicrobial susceptibility testing was done by a standardized disk 
diffusion method (Olsson-Liljequist 1997) (I, III, V). MICs were determined 
by agar dilution on PDM Antibiotic Sensitivity Medium, (AB Biodisk, 
Solna, Sweden) (II, IV) and E-test (Biodisk AB, Solna, Sweden) (I, III, V). 
Resistance to ampicillin was defined as MIC ≥16 mg/L, to vancomycin as 
MIC ≥8 mg/L and to ciprofloxacin as MIC ≥4 mg/L according to SRGA 
guidelines (Kahlmeter 2001). High-level resistance to ciprofloxacin was 
defined by MIC > 16 mg/L (IV). 
 

Identification of gyrA, parC and esp genes. 

Sequencing 
 
Sequencing was performed for parts of the fluoroquinolone resistance 
determining regions gyrA and parC (IV). Genomic DNA was extracted by 
the CTAB method (Ausubel 1990). A 241 bp fragment of the gyrA gene 
equivalent to nucleotide positions 150-390 of the E. coli gyrA gene, and a 
191 bp fragment of the parC gene equivalent to positions 10- 200 of the E. 
faecalis parC were amplified as previously described (el Amin 1999). After 
purification of the PCR products (GFX PCR DNA and Gel Band 
Purification Kit, Amersham Pharmacia Biotech) both strands of each product 
were sequenced using the ABI PRISM® BigDyeTM Terminator Cycle 
Sequencing Ready Reaction kit. PCR primers were used as sequencing 
primers. 

 

Identification of the esp gene 
 
To detect the esp gene in the enterococcal DNA (V), two primers were 
designed to fit the, yet unpublished, partial sequence of the E. faecium 
variant esp gene. Two VRE control strains, E0060 (esp negative) and E0300 
(esp positive) were used. The primer sequences (5’-TTG CTA ATG CAA 
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GTC CAC GTC C-3’ and 5’-TTT GCA TCA ACA CTT GCA TTA CCG A-
3’) were used to amplify fragments of 890 bp by PCR. The primer sequences 
were the same as used by Willems  with a few adjustments to better fit the 
structure of E. Faecium (Willems 2001). 
PCR for esp: DNA was isolated from bacteria grown on CAA agar by means 
of DNeasy Tissue Kit (QIAGEN) according to the manufacturer’s 
instructions. PCR was performed in 50 µL reaction mixtures using 5 µL of 
DNA from the preparations, 10 pmol of each primer, 5 µL buffer, 5 µL 
dNTP:s and 0.2 µL Taq polymerase. After an initial treatment of 94°C for 5 
min the samples were subjected to 40 cycles of denaturation (94°C for 30s), 
annealing, (60°C for 30s) and elongation (72°C for 30s) and after that 7 min 
at 72°C. For this purpose two PCR-devices were used, Eppendorf 
Mastercycler gradient (Eppendorf), and GeneAmp PCR System 9700 (PE 
Applied Biosystems). 

Typing  

Phenotyping method (IV) 
 
The PhP-FS, PhPlate Microplate Techniques, Stockholm, Sweden for 
biochemical fingerprinting of enterococci was previously described (Kuhn 
1995, Möllby 1993). In brief, a loopful of a fresh culture of bacteria was 
suspended in a sterile growth medium containing 0.11% w/v bromothymol 
blue. Aliquots (150 µl) of the suspensions were inoculated into 24 wells in the 
ready-made microtiter plates containing 24 different substrates. The plates were 
incubated at 37 oC and A620 of each reaction was measured after 16, 40, and 64 
hours using a microplate reader. After the final reading, the mean value of all 
readings was calculated resulting in 24 different numerical values for each 
tested isolate (the biochemical fingerprint). Isolates yielding PhP patterns with 
correlation coefficients of ≥0.95 following pairwise comparison were 
defined as belonging to the same PhP type.  

Genotyping method (I, II, III, IV, V). 
 
PFGE was used in all papers and standard procedures were followed with 
minor variations in the different papers (Maslow 1993). Briefly, SmaI 
digested genomic DNA was electrophoresed in 1% agarose gel in 0.5x TBE 
at 6 V/cm at 14°C using the CHEF DRII or Mapper XA system (Bio-Rad 
Laboratories, Hercules, CA). Pulse times were generated by the auto-
algorithm mode of the apparatus (I, II, III, V) or increased linearly from 3 to 
26.5 s for 14.8 h and 0.5–8.5 s for 6.4 h (IV). Lambda ladders and SmaI 
digests of Staphylococcus aureus NCTC 8325 or another control strain were 
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run in every gel. Ethidium bromide-stained gels were photographed in UV 
light. 
DNA band patterns were analyzed visually (I, II, III, V) or with the help of. 
the Molecular Analyst Fingerprinting software, version 1.6 (Bio-Rad 
Laboratories, Hercules, CA) (IV). In visual analysis, band patterns were 
interpreted as indistinguishable (no band differences), closely related (1-3 
band differences), possibly related (4-6 band differences) and unrelated (>6 
band differences) as suggested by Tenover (Tenover 1995). Banding patterns 
with <7 band differences were considered as possibly clonally related and 
comprising a “strain type”(IV, V).  
The molecular analyst software created Dendrograms, based on bands 
between 10 and 360 kb, using UPGMA clustering of a similarity matrix 
based on band-matching Dice coefficients (IV). Isolates showing 
indistinguishable or closely-possibly related band patterns (<7 band 
differences, >80% similarity) were regarded as possibly clonally related. 

Statistics 
To identify risk factors, Mantel-Haenzel odds ratios with corresponding 95% 
confidence intervals [CI] were calculated using the EPI info version 6 (II, 
III) and 6.04 (V) software (Dean 1994). For logistic regression analysis, the 
SPSS releases 8.0 (II) and 11.0 (V) for Windows (SPSS Inc.Chicago, Ill.) 
were used. The Spearman rank correlation test was used for calculation of 
correlations between sales of antimicrobials and carriage rates of resistant 
enterococci in the participating hospital wards (II). 

Ehtics 
The Ethics Committee of the Faculty of Medicine, Uppsala University 
(paper IV, V) as well as local Ethics Committees throughout Sweden (paper 
II) approved all study sampling of patients and informed consent was 
obtained from all patients who contributed fecal samples. 
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Results and discussion 

Prevalence of VRE and ARE in Sweden (I, II) 

The first hospital outbreak of VRE in Sweden (I) 

Patients 
 
In November 1995, the first highly vancomycin resistant E. faecium isolates 
were found in urinary (105 cfu/ml) and fecal samples from an 80-year-old 
woman, receiving hemodialysis in renal unit at ÖMCH. The same month, 
VRE was isolated in the feces of a 58-year-old woman in the same unit, who 
2 months earlier had received a kidney transplant at UUH. In January 1996, 
VRE were found in the peritoneal fluid and feces of a third patient in the 
same unit. Finally, in February 1996, a forth patient with VRE in a post-
operative wound was recognized in a nearby hospital. Fecal samples were 
not taken from his patient.  

The two first VRE cases were transferred to the Department of Infectious 
Diseases, ÖMCH. The two others were kept in single rooms at the units 
where the VRE samples were taken. No treatment for VRE was given to any 
case. Repeated fecal samples showed that VRE were carried for several 
months in the fecal flora of the cases. The time to VRE negative culture for 
each case is presented in Table 4. 

Microbiology 
 
All VRE isolates were of the VanA phenotype and showed high-level 
resistance to vancomycin (MIC 256 mg/L) and teicoplanin (MIC 24-256 
mg/L). Except for the fecal VRE strain colonizing case 1 all isolates were 
also resistant to ampicillin (MIC 24-32 mg/L), low-level resistant to 
gentamicin (MIC for 12-24 mg/L) but susceptible to trimethoprim-
sulfamethoxazole (MIC <1 mg/L). All isolates were genotyped as E. 
faecium. The VRE strains recovered from case 1, 2, and 4 all harbored the 
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vanA gene. The peritoneal fluid isolate of case 3 was PCR negative for vanA, 
vanB and vanC genes. 

PFGE of the first VRE isolate from each of the four cases resolved about 
20 distinct fragments from each strain. Isolates from cases 2 and 4 had 
identical fragment patterns and the urinary isolate of case 1 differed from 
these by a single band only. The peritoneal fluid isolate from case 3 showed 
four band differences compared to isolates 2 and 4.  

Surveillance cultures 
 
In February 1996 (i.e. 2 months after VRE was first isolated), rectal 

swabs were taken from all patients and all personnel in the renal unit. The 
swabs were cultured on selective media but no VRE were found. No further 
VRE cases were found in the unit or hospitals during the 10-month follow-
up period. 

 
Table 4.. Site of isolation, phenotype, genotype, PFGE-pattern, and months from 
discovery to negative cultures for VRE of 4 cases of VRE in the Örebro VRE 
outbreak. 
 

Case Site of  
isolation 

Phenotype Genotype PFGE  
pattern 

Months to 
negative VRE 

culture 
      

1 urine VanA vanA A1 2  
1 feces VanA ND ND 5  
2 feces VanA vanA A 5  
3 CAPD1 fluid VanA - A2 0 
3 feces VanA ND ND 2 
4 wound VanA vanA A ND 

 
N.D. Not determined 
1Continuous Ambulatory Peritoneal Dialysis. 

Discussion 
 
The molecular analysis clearly indicated possible patient to patient spread 
and we concluded the 4 Örebro VRE cases to represent the first hospital 
outbreak of VRE in Sweden. The outbreak was probably limited by the 
infection-control measures taken. 
One of the isolates lacked the vanA gene for unknown reasons but still 
expressed high-level resistance to vancomycin. The outbreak illustrated the 
necessity of early detection by the microbiology laboratory of VRE in 
cultures from hospitalized patients. In contrast to vanB, the vanA phenotype 
expresses high MICs to vancomycin, making this type of resistance easier to 
detect. The screening method used during this outbreak (BBL agar with a 30 
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µg vancomycin disc) would probably not have detected VRE of the vanB 
resistance phenotype. 
It was not possible to identify the source of VRE. Acquisition from other 
patients with non-recognized VRE colonization was one possibility, but the 
screening of other patients and personnel in the renal unit was negative. 
However, highly sensitive cultures such as broth cultures were not used and 
low density colonization may have been undetected. Colonization via intake 
of meat-products, was another possibility but this was not further 
investigated.  

The first case had one VRE strain in the urine and another, phenotypically 
different VRE strain in feces, indicating a possible horizontal transfer of 
vanA. A mobile element (Tn1546) carrying the vanA gene and able to direct 
its own transfer from the chromosome of one E. faecium strain to another 
has been described (Handwerger and Skoble 1995). Such horizontal transfer 
is considered an important mechanism for the spread of vancomycin 
resistance (Leclercq and Courvalin 1997) (Kim 1999).  

Knowledge on the prevalence of colonization with VRE among other 
patients in hospitals as well as healthy individuals in Sweden was lacking at 
this time. A “worst case scenario” would mean that highly vancomycin-
resistant enterococcal strains already were widespread among Swedish 
hospitalized patients and that these 4 cases only represented the tip of a so 
far not recognized VRE iceberg in Sweden. 

Fecal carriage rates of VRE and ARE in hospitals (II) 

Hospitalized patients, study A. 
 
The distribution of hospitals included in the study is presented in Figure 4. 
841 patients in 27 hospitals were sampled from feces. The patients were 
hospitalized in ICUs (22%), surgical/orthopedic (9%), internal medicine 
(15%), renal (7%), infectious disease (5%), geriatric/rehabilitation (38%) 
and other units (4%). ARE were found in the fecal flora of 181 (median 21% 
per ward, range 0-56%) patients and 9 patients (1.1%) carried both VRE and 
vancomycin susceptible ARE. All ARE and VRE isolates were E. faecium 
and harbored the vanB gene. Characteristics of patients and non-hospitalized 
individuals are listed in Table 5.  

All VRE carrying patients were hospitalized at Umeå University Hospital, 
5 in a renal and 4 in a geriatric unit. Seven of the nine isolates were identical 
or closely related according to PFGE. Three of the geriatric patients were 
colonized with indistinguishable VRE isolates (outbreak strain) and one with 
a closely related strain. Three other VRE positive patients in the renal unit 
had isolates closely related to the outbreak strain and 2 carried VRE with a 
common pattern different from the outbreak strain. One of the geriatric VRE 
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patients regularly attended the renal unit for dialysis. This patient also had a 
history of diarrhea and may have contributed to the spread of VRE between 
the renal and the geriatric units. None of the VRE carriers had signs of VRE 
infection.  

 
The sampling of patients from the additional 5 renal units (see methods 
section) resulted in 113 fecal samples from 133 patients. Only one of these 
patients carried a VRE strain (E. faecium,vanB). 

Non-hospitalized individuals, study B 
 
ARE were found in the fecal flora of 40 (6%) of the 670 individuals sampled 
but only one carried VRE (Table 1). One carrier of VRE, an E. faecium vanA 
strain, was found. This individual had recently returned from travelling in 
Africa and was included in the study when attending a hospital in the south 
of Sweden. He was admitted and treated for acute malaria. 

 
 

Table 5. Characteristics of hospitalized patients and non-hospitalized  
individuals in the nation-wide point prevalence studies (II) 1997 and 1998. 
 
                                                                Number of patients (%) 
 
 ARE a 

 
No ARE 
  

Study A 
Patients studied 

 
181  

 
660 

Male 98  (54) 301  (45) 
Age, mean  73  67 
Travel outside  
Scandinavia b 

 
4    (2) 

 
46    (7)  

Hospitalization c 71  (39) 159 (24) 
   
Study B   
Patients studied 40  630  
Male  18  (45) 298  (47) 
Age, mean 54 48 
Travel outside Scandinaviad  7    (18) 247  (39) 
Hospitalization e  29  (73) 106  (17) 
 

a Ampicillin resistant enterococci. 
b Previous 6 months. 
c Previous hospitalization 3 months back. 
d Previous 12 months 
e Previous 12 months. This was associated with ARE carriage (p<0.005). 
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Antimicrobial resistance of ARE and ampicillin susceptible E. faecium 
 
Except for glycopeptides, most of the ARE isolates from study A and B were 
resistant to the antibiotics tested (Table 6). ARE E. faecium isolates from 
study A had much higher resistance rates for ciprofloxacin (92% vs 14%) 
and erythromycin (80% vs 45%) compared to the ASE isolates. 

The 9 VRE isolates were all resistant to ampicillin, ciprofloxacin and 
netilmicin but susceptible to teicoplanin. All 5 VRE carriers at the renal unit 
had received several antibiotics during the previous two weeks (vancomycin 
5, fluoroquinolones 3, cephalosporins 2, penicillins 2, imipenem 1, and 
macrolides 1). One patient was treated with ciprofloxacin for 33 days and 
with vancomycin both orally and I.V. for 7 days before VRE was isolated. 
All the geriatric patients were also recently treated with antimicrobials 
(trimethoprim-sulfamethoxazole, cephadroxil, metronidazole or penicillin 
G). Due to the low number of VRE carriers found, no further analysis of risk 
factors for VRE colonization was done. 

 
 
Table 6. Antimicrobial resistance of ampicillin resistant (ARE) and ampicillin 
susceptible (ASE) Enterococcus faecium isolates. 
 
                                                            Number (%) strains 
 
 StudyA 

 
StudyA Study B 

Antimicrobial agent ARE (n=181) ASE (n=177) ARE a (n=40) 
    
Imipenem  180 (99) 10 (6) 39 (98) 
Vancomycin 0  (0) 0 (0) 0  (0) 
Teicoplanin 0  (0 0 (0) 0  (0) 
Ciprofloxacin 164 (91) 25 (14) 37 (93) 
Netilmicin 177 (98) 163 (92) 40 (100) 
Erythromycin 144 (80) 80 (45) 27 (68) 

 
a ASE isolates from Study B were not analysed. 
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Figure 4. Distribution of the hospitals that contributed fecal cultures to the nation-
wide point-prevalence study on carriage rates of ARE and VRE among hospitalized 
patients in late 1997. 
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Discussion 
 
The observed prevalence of VRE colonization among the 954 hospitalized 
patients in Sweden was low (1.0%), and mainly due to a local outbreak of 
clonally related isolates in a renal and a geriatric unit in the same teaching 
hospital. Among 670 individuals attending outpatient clinics, the prevalence 
was even lower. 

The clustering in one hospital of 9 VRE vanB carriers illustrates the 
propencity of VRE to spread silently in hospitals. At the time of the point-
prevalence study, VRE infections were still absent in the Umeå hospital. 
VRE vanB strains are more difficult to detect by the microbiological 
laboratory, compared to detection of vanA strains also in surveillance 
cultures due to lower levels of vancomycin resistance. Our screening 
method, including use of highly selective broth cultures with a vancomycin 
concentration of 8 mg/L and subculturing on CAA agar with vancomycin 8 
mg/L added, worked well and also detected vanB strains. This method also 
detects strains with the vanC type resistance and laboratory proceedures 
must be able to distinguish between strains with intrinsic and acquired 
resistance. 
The near absence of VRE vanA in our study was in contrast to the findings in 
other European countries where VRE vanA has been readily isolated from 
hospitalized patients, and frequently from non-hospitalized persons and 
meat-products (see epidemiology section). 
The fact that ARE were carried by some hospitalized patients in larger 
hospitals was an expected finding but the high overall carriage rate and the 
presence of ARE in both small and large hospitals nation-wide (21.5%) was 
not. The almost uniform resistance to fluoroquinolones in ARE was further 
surprising (Table 6). Fingerprinting of the ARE isolates was carried out in a 
sunsequent study (IV) and clonal relationships as well as antibiotic 
susceptibilities among these isolates are discussed further on. Surprisingly, 
also 6 % of the non-hospitalized individuals carried ARE. However, almost 
all of these individuals had received antibiotics and 73 % had been 
hospitalized during the previous year (Table 5) indicating a probable 
acquisition of ARE during previous hospital stays. 

In summary, the absence of VRE vanA in this large nation-wide 
investigation of individuals in and outside hospitals was in contrast to 
findings in countries in continental Europe. As described in the 
epidemiology section, the prevalence of vanA carrying E. faecium strains 
among animals and healthy humans in central Europe has been related to the 
widespread use of a glycopeptide (avoparcin) as growth promoter in these 
countries. A recent study found VRE vanA strains in Danish but not in 
Swedish retailed chicken (Quednau 1998) and another pointed out the 
striking difference in VRE carriage rates between pigs from the Netherlands 
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(39%) and Sweden (0%) (Van den Bogaard 1998). Others demonstrated 
significant declines of VRE isolated from meat-samples and chickens after 
the ban of avoparcin in Denmark and Italy, respectively (Pantosti 1999, 
Bager 1999). Since most of the meat consumed in Sweden is of local origin, 
our study supported the hypothesis that inadequate use of glycopeptides as 
growth promoters may well have an impact on carrier rates of VRE in a 
country. 
In Swedish hospitals, the selective pressure of glycopeptides was clearly 
lower compared to reports from U.S hospitals. (Kirst 1998). Sales data from 
our investigation revealed that only 17 wards in the 27 hospitals studied used 
more than 0.01 DDD/ bed day (median 0.01, range 0.01- 0.50).  

We concluded that ARE colonization was surprisingly common among 
patients in most hospitals in Sweden but that VRE colonization was still rare. 
The near absence of VRE and absence of the vanA genotype contrasted with 
the situation in continental Europe and supported the hypothesis that use of 
glycopeptides both as growth promoters to livestock and in hospitals affect 
VRE carrier rates among humans. The VRE vanB outbreak illustrated the 
propensity for silent spread of such strains in a hospital. 

Risk factors for colonization and infection with ARE 
(II, III, IV) 

Antibiotics (II, III, V) 

Antibiotics and risk of ARE colonization (II) 
 
By univariate analysis, antimicrobial therapy for 5 days or longer during the 
previous two weeks were strongly associated with ARE colonization among 
the hospitalized patients of the nation-wide point-prevalence study (110/181 
vs. 164/645, OR 4.7; CI 3.3-6.7, Table 7). When comparing the patients 
treated for more than 5 days with each group of antimicrobials to all the 
other treated and non-treated patients, cephalosporin, fluoroquinolone and 
penicillin therapy was all significantly associated with ARE carriage (Table 
7). Even after adjustment of antimicrobial therapy for length of hospital stay 
using logistic regression, antimicrobial therapy for at least five days was 
independently associated with ARE colonization (adjusted [OR] of 3.8; 95% 
[CI] 2.6–5.4, p<0.001). 
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Table 7. Association between length of hospital stay, antimicrobial therapy and 
ARE colonization in hospitalized patients using univariate analysis (Study A).  
 
                                            Number of patients (%) 
  

AREa 
 
No ARE     

Odds 
ratio   

95% CI       P value       

 
Patients studied b 

 
181  

 
645 

   

 
Length of hospital stay  

     

   1-2 days c 14   141  1.0 0.4 – 2.3     1.0 
   3-7 days 35   167  2.1† 1.1 – 4.3    0.02 
   8-14 39   135  2.9† 1.5 –5.9 < 0.001 
   > 14 days 93  202  4.6† 2.5 –8.9 < 0.001 

> 5 days treatment with d      
    any antibiotic e 110 ( 61 ) 164 ( 25 ) 4.7† 3.3 – 6.7 < 0.001 
    cephalosporins   28 (15 )   39  ( 6 ) 2.9† 1.7 – 5.0 < 0.001 
    fluoroquinolones   24 (13 )   36  ( 5 ) 2.7† 1.5 – 4.7 < 0.001 
    penicillins   27 (16 )   35  ( 5 ) 3.1† 1.8 – 5.5 < 0.001 
    carbapenems   10 ( 6 )   19  ( 3 ) 2.0 NS 0.9 – 4.6    0.08 
    macrolides     9 ( 5 )     5 (<1 )    
    metronidazole     9 ( 5 )   14 ( 2 )    
    glycopeptides     5 ( 6 )      9 ( 3 )   
 

a Ampicillin resistant enterococci.  
b Data missing for 15 patients.  
c 1-2 days was defined to represent basic risk of colonization.  
d during preceding two weeks. 
e Significant also in logistic regression analysis (adjusted [OR] 3.8, p<0.001, see text). 
CI confidence interval, NS non-significant and † significant odds ratio. 

 

Among the non-hospitalized individuals (II, study B), 37 of 40 ARE carriers 
(93 %) had been treated with antibiotics during the preceding 12 months on 
at least at one occasion compared to 305 of 630 (48 %) of ARE non-carriers 
(p<0.001). ARE carriage among the non-hospitalized was also associated 
with hospitalization during the previous year (p<0.005). 

Correlation of sales of antibiotics to single wards with ARE colonization 
rates (II) 

Data on antimicrobial sales expressed as defined daily doses (DDD) and 
numbers of patient bed days per year was available from 35 of the 53 wards 
sampled. The median sales of antimicrobials to these wards was 0.35 (range 
0.09-1.40) DDD/ bed day during 1997. The prevalence of ARE carriers did 
not correlate with total antimicrobial sales (p=0.42) or with sales of 
cephalosporins (p=0.40) or ampicillin and its deviates (p=0.68). In contrast, 
ARE carriage rates were correlated with fluoroquinolone sales (p=0.09). 
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After exclusion of wards with small patient samples (<10 or <15 patients) 
and thus, the risk of large random error in ARE carriage rates, this 
correlation was even stronger (p= 0.04). 

Antibiotics and risk of ARE infection (III, V) 
 

The correlation of antibiotic exposure with ARE infection was investigated 
in two case-control studies. In the first study of ARE infected patients at 
UUH (III), exposure to more than two antibiotics was statistically associated 
with ARE infection in 38 ARE infected cases compared to 38 ASE infected 
controls (odds ratio [OR], 3.3; 95% confidence interval [CI], 1.2 to 9.5). 
More than four weeks duration of antibiotic therapy was even more strongly 
associated (OR 6.9; CI 1.8-28.3). Exposure to cephalosporins, imipenem and 
fluoroquinolones was more common among cases than controls but only 
cephalosporin exposure was significantly associated with ARE infection 
(OR 9.1; CI 2.6-33.7).  

In the second study (V), the impact of antibiotic exposure during care in a 
hematology unit of 34 cases with ARE bacteremia and 68 control patients 
without ARE bacteremia was investigated. By univariate analysis, ARE 
colonization was the heaviest risk factor for ARE bacteremia [matched Odds 
Ratio (OR) 6.38], followed by antibiotic treatment for >6 days (OR 4.21) 
and treatment with HSCT during the stay (OR 3.60). Fluoroquinolones were 
used twice as often in cases compared to controls but this difference was not 
statistically significant, nor was exposure to any other class of antibiotics. By 
logistic regression analysis, antibiotic treatment did not reach statistical 
significance when analyzed together with HSCT and ARE colonization 
(Table 8). 

Discussion 
 
Our findings illustrate the complexity of the epidemiology of resistant 
enterococci in hospitals and the consequent difficulties in evaluating an 
association between antibiotic treatment and presence of ARE and VRE in 
hospitalized patients.  

The conclusion in paper II that ARE carriage rates correlate with the sales 
of fluoroquinolones to the wards must be interpreted with caution. Data on 
antibiotic sales to the ward do not reflect the true consumption by each 
patient. It is well recognized that resistant enterococci can be carried for 
years in the fecal flora of humans (Bonten 1998a, Montecalvo 1995). Thus, 
the carriage rates in patients on the wards may reflect previous exposure to 
antibiotics or other risk factors. On the other hand, the almost uniform 
resistance to ciprofloxacin among the ARE isolates and the increasing use of 
fluoroquinolones during recent years is intriguing and certainly theoretically 
indicates a risk of selection of ARE by wide spread use of fuoroquinolones. 
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As pointed out earlier, others have neglected controlling for length of 
hospital stay when investigating risk factors for VRE and also had 
difficulties with the selection of adequate control groups (Carmeli 1999). 
Adjustment for length of hospital stay is important because both the risk of 
exposure to multiple risk factors and the risk of ARE transmission between 
patients increases with the duration of stay. The importance of selecting an 
adequate control group was demonstrated by some studies included in the 
meta-analysis that compared VRE infected to VSE infected patients when 
evaluating vancomycin as a risk factor for VRE infection. But since VSE are 
eradicated by vancomycin, there is little probability of finding VSE infected 
controls with a history of recent vancomycin therapy. 

In paper III, ASE infected patients were used as controls, and long 
duration of antibiotic therapy, multiple antibiotics and therapy with 
cephalosporins were associated with ARE infection. However, the ARE 
cases in this study had much longer duration of stay in the hospital compared 
to the controls (mean [median] 29 [22] vs 15 [8] days, p=0,002). Thus, a 
weakness of the study was that adjustment for this difference was not carried 
out. On the other hand, since neither ARE, nor ASE are eradicated by 
cephalosporins, the study was not confounded by the selection of a biased 
control group. 

In paper V, randomly selected patients on the same ward and of the same 
age and gender were used as controls to ARE bacteremia cases. The analysis 
showed no differences between cases and controls in previous treatment with 
HSCTs or previous stays in the unit, indicating that cases and controls were 
comparable in terms of severity of underlying disease. The length of stay 
was not found to be a confounding factor. By multivariate analysis, 
antibiotic treatment still was not significantly associated with ARE 
bacteremia due to a strong association between such treatment and ARE 
colonization (Table 8). Timmers et al., recently studied an outbreak of VRE 
in a hematology unit. A case control study (24 cases and 49 controls) 
showed antibiotic treatment within 1 month and low albumin levels to be the 
only independent risk factors in a multivariate model. However, a case was 
defined by both colonization and infection with VRE and only 5 cases had 
VRE bacteremia. These findings are in line with our own, of antibiotic 
treatment to be associated with colonization and other factors to be more 
important for development of bacteremia in the patients. 

Other risk-factors for acquiring ARE (II, III, V) 

Duration of stay in the hospital 
 
The risk of ARE colonization among hospitalized patients in the nation-wide 
study (II) was linearly correlated with the length of stay in the hospital 
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(Table 7). As mentioned in previous discussions, the ARE infected patients 
in paper III had significantly longer durations of median hospital stay 
compared to ASE infected controls. In the study on hematology patients with 
ARE bacteremia (V), the risk of ARE bacteremia peaked during day 7-14 of 
stay in the HU (OR 14.3, CI 5.12-294), to decline during day 14-21 (OR 4.8, 
CI 1.47-34.8) and was no longer significant for longer stays (OR 2.2, CI 
0.74-24.6). 

Patient related risk factors 
 
In the case-control study (III), indwelling central line catheters, 
corticosteroid therapy and presence of another infection were all factors 
significantly associated with ARE infection by univariate analysis.  
Among hematology patients (V), HSCT during the stay and previously 
recognized colonization with ARE were independently associated with ARE 
bacteremia (table 8).  
 
 
Table 8. Multivariate analysis of risk factors for ARE septicemia. 

 
Risk factor Unadjusted 

OR 
Adjusted 
OR* 95 % C.I. 

HSCTa during stay 3.60 6.18 1.03 – 37.0 
Colonized with ARE 6.38 6.01 1.45 – 25.0 
Antibiotics during >6 days 4.21 1.26 0.30 – 5.27 

 

aHematopoietic Stem Cell Transplantation. 
*Adjusted OR estimated from a multiple conditional logistic regression  
analysis. All three factors were included in the model. 

Discussion 
 
One interpretation of the findings that central line catheters and 
corticosteroid therapy were associated with ARE infection is that these 
factors might reflect severe underlying disease in the patients. Such patients 
are more often treated in hospitals and probably also stay for longer periods. 
The length of stay in the hospital and prior hospitalization have been found 
to be associated with ARE colonization and infection also by others (Boyce 
1992, McCarthy 1994, Weinstein 1996). The decline in risk for ARE 
septicemia with time of hospitalization after the first two weeks of stay 
among the hematology patients might be explained by the fact that HSCT 
was carried out early during hospitalization and that the numbers of patients 
with neutropenia peaked during the second week of stay. 
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Clinical impact of ARE infection (V) 
The second review of the records of the ARE infected cases of paper III, 
performed four weeks after the initial one, revealed that only 20/38 cases and 
22/38 controls had antibiotic therapy initiated after their enterococcal culture 
findings. For 16 cases and 20 controls the choice of antimicrobials indicated 
that enterococci were regarded as a possible cause of infection. In two of the 
18 cases left without treatment, ARE as well as other bacteria were isolated 
from wounds, 16 cases had ARE in urinary cultures and half of these had a 
mixed bacterial flora and/or urinary catheter. One case with ARE in a 
urinary culture was treated for S. aureus septicemia in the ICU and later 
died. Autopsy revealed abundant growth in post mortem cultures of ARE 
from the lung, liver and kidneys. 

Among hematology patients (V), death during the stay was more common 
among cases with ARE bacteremia in the HU compared to controls (11/34 
vs. 6/68 crude OR 4.94, matched OR 17.0 95% CI 1.89-153). Of the cases 
who died, 3 had acute and 2 chronic myeloid leukemia, 4 had acute 
lymphocytic leukemia or lymphoma and the 2 remaining cases had a 
diagnosis of aplastic anemia. Four of the cases who died had a recently 
undergone allogenic HSCT. 

Discussion 
 
The second visit of the ARE infected cases and controls at UUH in study III 
showed that the majority of ARE culture findings did not initiate 
antimicrobial therapy. Moreover, the physicians caring for the cases and 
controls apparently did not consider the finding of ARE in clinical cultures 
to be a stronger indication for antimicrobial therapy compared to the finding 
of ASE. This was encouraging, considering the risk otherwise of 
unnecessary glycopetide therapy.  

In contrast, the increased death rates among hematology patients with 
ARE septicemia (V) was a highly significant finding. It may have been 
biased by the severity of illness in cases and controls, but the vast majority 
of both cases and controls were hospitalized in the unit due to leukemia, and 
with the same severity of illness.  

Our findings are in line with the general opinion of enterococci as 
relatively low virulent organisms that pose a minor threat to most, but may 
be the cause of serious infections and death in immunocompromised patients 
(Dougherty 1984) (Bach 2002, Montecalvo 1994, Linden 1996). Thus, there 
are strong reasons to improve our knowledge of the significance and 
epidemiology of both ARE and VRE, especially among physicians that care 
for immunocompromised patients. 
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Shedding and spread of ARE (I, II, III, V) 

Shedding of ARE from colonized patients (III) 
Skin carriage was present in 26 and shedding from 23 cases. Five of the 23 
shedders were heavy and 18 low grade shedders of ARE. PFGE analysis 
showed that 7 of the 18 low-grade shedders had ARE isolates found on settle 
plates and bedside tables with PFGE patterns unrelated to the ARE isolate at 
the site of infection or perineum. Thus there were only 11 true low-grade 
shedders.  
Five of the 26 perineal skin carriers were heavy shedders, 9 low-grade 
shedders and 12 non-shedders (Figure 5). Only two non-perineal carriers 
shed ARE. Thus, 14 of the 26 perineal carriers but only 2 of the 12 non-
perienal carriers shed ARE (p=0.03) indicating perineal skin carriage to be a 
risk- factor for shedding.  
 

 
Figure 5. Relation between perineal skin carriage of ARE and shedding of ARE to 
the near environment in 38 hospitalized ARE infected patients (III). Heavy shedding 
was defined as growth>5 Cfu of ARE on bedside tables or settle plates left open for 
24h in the patient’s room. 
 

 
All heavy shedders had identical or closely related PFGE patterns of ARE 
strains cultured from their site of infection, perineum, bedside tables and 
settle plates, revealing heavy shedding of their infecting strains to the near 
environment. (Figure.6).  

 Low-grade shedders
(n=2)

Non-shedders
(n=10)

Non-skin carriers
(n=12)
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(n=5)
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(n=9)
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(n=12)
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(n=38)
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Figure 6. PFGE patterns of smaI digested chromosomal DNA from ARE isolates 
from 3 heavy shedders in paper III, illustrating spread to the environment and 
possible spread between patients. PFGE patterns of ARE isolates from urine, 
perineum, bedside table and settle plate respectively from shedder 1 (lanes 1-4), 
shedder 2  (lanes 5-8) and shedder 3 (lanes 9-12). Three lines are Lambda ladders 
(M). 

 

 

Spread of VRE and ARE between patients in hospitals (I, II, III, 
V) 
That transmission of VRE between patients is a major mechanism for new 
colonization was supported by the results of the molecular typing with PFGE 
of the VRE isolates in the outbreaks in Örebro (I) and Umeå (II). At the 
Umeå hospital, nosocomial spread of VRE between patients in the renal and 
the geriatric units was highly probable.  

In paper III, the fingerprinting of ARE isolates from 38 infected patients 
on different wards at UUH revealed that 15 of these were infected with 
isolates that were identical or closely related to the infectious isolates of one 
or several other cases at the hospital. 
In paper V, PFGE typing of 29 blood isolates from the years 1994-2001 and 
patients in the HU revealed that all 8 blood isolates during 1994 and 1995, 

M   1    2    3   4    5    6    M    7    8   9   10  11  12   M
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when ARE first emerged in the HU, were of an identical PFGE strain type 
(A). ARE of a second distinct PFGE strain type (C) infected 8 patients 
during the years 1997-1999. A third strain type (E) infected 4 patients during 
1998-2000. Two patients were infected in 1999 with ARE of a fourth strain 
type (G), the remaining 7 patients had ARE bacteremia due to unique strain 
types (B, D, F, H, I, J, K) (Figure 7)  

 
Figure 7. PFGE strain types of 29 blood-isolates of ampicillin-resistant E. faecium 
from 29 patients in a hematology unit during the years 1994-2001. 

 
Additional fingerprinting of ARE isolates in surveillance cultures from 
randomly picked HSCT patients hospitalized in the HU during 1994 showed 
these to be clonally related, thus supporting the notion of the emergence of 
an ARE clone in the unit during this period (Figure 8, unpublished data). 
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Figure 8 PFGE patterns of smaI digested chromosomal DNA from ARE in 
surveillance cultures (fecal and perineal) from 5 HSCT patients (A-E) treated in the 
hematology unit at UUH during 1994. The isolates were randomly picked out of a 
collection of saved isolates from this period. Lambda ladders are indicated with M. 

Discussion 
 
The results provided strong evidence fthat both ARE and VRE strains were 
readily transmitted between patients in hospitals. Spread of VRE is 
extensively documented within hospitals (Handwerger  1993, Timmers 
2002, D'Agata 2001). As discussed further on, there is no reason to believe 
that ARE spreads by a different mechanism than VRE. On the contrary, 
virulence factors such as the enterococcal surface protein might be more 
important for the ability to spread than the resistance pattern of the 
enterococcal strain. 
At UUH, shedders were identified and the analysis of the molecular 
epidemiology of ARE infected patients clearly showed intrahospital spread 
to be present. Opportunities for transmission of ARE between the cases in 
paper III were identified for some cases but not for others. Two cases met 
regularly in the hemodialysis unit (one was a heavy shedder), other cases 
were cared for on the same ward during the same time period. However, it is 
well recognized that ARE infecting strains only represent the tip of the 
iceberg of colonizing strains and since the colonization status of fellow 
patients was unknown, it is hard to draw any conclusions about the 
mechanisms of transmission based on this investigation in paper III.  
On the HU at UUH (V), there was clearly clonal spread of ARE during the 
early 1990s. In 1996, the unit was relocated in a new ward with better 

 M     A    A    A     B     C     B    C     D    D     E    E     C    C     M
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isolation facilities. During a prospective study (part of paper V) on new 
colonization in this new ward during a 3 months period in 1998, all patients 
admitted to the ward were sampled from feces and perineal skin at admission 
and then weekly. Of 61 included patients, 16 (26%) were already colonized 
at admission, 40 (66%) remained free of ARE colonization and 5 (8%) 
became colonized with ARE during the study period. Four of these five 
became colonized with ARE strains with PFGE patterns that were identical 
to ARE of other colonized patients in the ward, clearly indicating patient-to-
patient spread of ARE (data  not shown). 

We calculated the transmission rate during this period by dividing the 
number of cases who acquired ARE during the stay to the number of 
admissions of already colonized patients observed in the study (5/16) and the 
average duration of stay in the unit of the already colonized patients (26.2 
days). This gives an overall estimated transmission rate of 10 newly 
colonized patients per 1000 patient hospital days. This is a lower 
transmission rate compared to the VRE transmission rate of 17 per 1000 
hospital days found in a 40 bed adult oncology unit in New York during an 
eight month period. In that investigation, only perianal samples were taken 
and the true colonization rates might have been higher (Montecalvo 1995).  

Skin-colonization was a risk factor for shedding of ARE and heavy 
shedding from such patients was present at UUH. Others have found skin-
colonization associated with diarrhea, bacteremia and transmission of VRE 
to other patients (Yamaguchi 1994, Beezhold  1997). One of the VRE 
colonized patients during the Umeå outbreak had diarrhea and her VRE 
isolate shared PFGE pattern with other VRE colonized in that outbreak. 

Is there a clonal origin of E. faecium in Sweden?(IV) 

PhP typing of a nation-wide collected sample of E. faecium 
 
The 180 ARE isolates from patients in 27 hospitals showed a high degree of 
homogeneity (0.95) and a low diversity (0.68) and were dominated by one 
PhP type which was named FMSE1 (73% of isolates, Table 9, Figure 9a). 
Even among the fecal ARE isolates from outpatients (collection 1) a 
majority belonged to FMSE1 (54%, Table 9). In contrast, the 169 fecal ASE 
isolates (collection 1) showed a significantly lower homogeneity (P<0.001) 
and higher diversity (P<0.001) than the ARE isolates, and only 1% belonged 
to FMSE1 (Figure 9b, Table 9). Similarly, none of the 29 ASE isolates from 
healthy individuals in 1990 (collection 5) belonged to this PhP-type (Table 
9).  

We further analyzed ARE isolates from the beginning of the 1990s, when 
ARE first occurred in Sweden (collection 2) and 4/5 of these and the single 
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fecal ARE found in 1990 among healthy individuals (JO10) also turned out 
to belong to FMSE1. 
 
Table 9  Homogeneity, diversity and clonality according to PhP typing, and 
ciprofloxacin resistance of E. faecium.   
 
 
Collection 

 
No of  
isolates  

 
Homogeneitya   Diversitya  

 
Isolates 
belonging 
to  FMSE1 
(%)b 

 
Isolates 
resistant to 
ciprofloxacin 
(%)c  

 
1: ARE hospital 
isolates,        
1998 

180 0.95 0.68 73 91 

2: ARE 
outpatient 
isolates,    1998 

39 0.86 0.85 54 92 

3: ASE hospital 
isolates,        
1998 

169 0.68 0.97 1 35 

4: ASE healthy 
individuals,   
1990 

29 0.75 0.99 0 24 

 

a For definitions, see Materials and Methods. 
b Designation of the PhP type that dominated among the ARE isolates. 
c Ciprofloxacin resistance defined as MIC  ≥ 4 mg/L. 

PFGE typing 
 
By PFGE typing, ARE also had a higher homogeneity than ASE isolates as 
illustrated by the two dendrograms in Figure 8. When using 80% similarity 
as the cut-off, 3 ARE from 1990-92 (HA1, JO10 and LI135) and 20 of the 22 
ARE hospital isolates belonged to the same PFGE type, designated A. In 
contrast, 16 PFGE types were identified among the 22 ASE hospital isolates 
studied. 
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Figure 9. Dendrograms derived from UPGMA clustering of PhP typing data for 
fecal ARE (n=180, figure 9a, left) and 169 ASE E. faecium isolates (n=169 figure 
9b, right) obtained from a recent nation-wide prevalence study in Sweden 1998. The 
arrows indicate the positions of the PhP type isolate FMSE1 among ARE and ASE. 
 

Mutations in gyrA and parC  
 
The sequencing of gyrA and parC fragments in 37 E. faecium isolates 
revealed two main groups among these. 

 

Figure 9b
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•  The first group consisted of 12 ASE and 11 ARE, all susceptible or with 
low-level resistance to ciprofloxacin (MICs 1-16 mg/L) and lacking 
mutations in gyrA and parC. None of these ASE, but 6 of the 11 ARE 
isolates belonged to PhP type FMSE1.  

•  The second group consisted of 12 ARE isolates with ciprofloxacin MICs 
≥ 32 mg/L which all demonstrated the same mutation in parC but either 
of two mutations in gyrA. 8 of these 12 isolates belonged to FMSE1. One 
of the two historical ARE isolates from Linköping 1991 (LI134 and 
LI135; both of the FMSE1 type) lacked mutations in gyrA or parC 
(ciprofloxacin MIC 2 mg/L) whereas the other isolate had mutations in 
both gyrA and parC (ciprofloxacin MIC 64 mg/L).  

•  Finally, two ARE isolates with ciprofloxacin MICs of 1 mg/L, both 
belonging to FMSE1, had mutations only in parC (ARE 450 in Figure 9).  

 

Discussion 
 
We found evidence for clonal spread and also a possible clonal origin of 
ciprofloxacin and ampicillin-resistant E. faecium in Sweden. The dominating 
PhP type FMSE1 was more prevalent inside than outside hospitals (73% vs. 
54% of isolates). Therefore, it is highly plausible that the FMSE1 clone 
emerged and spread mainly in hospitals. 
The spread in hospitals of ARE has been well recognized by others as well 
as in this thesis. The clonal spread of ARE in a Norwegian university 
hospital during a two year period was recently described (Harthug 2000a) 
and in Finland van genes were incorporated into an epidemic ARE clone 
present in the Helsinki area (Suppola 1999). VRE have been shown to have 
the potential of clonal spread within and between acute and long-term care 
facilities through colonized patients(Handwerger 1993) (Chow 1993, Dunne 
and Wang 1997, Kim 1999, Trick 1999).  
Willems et al. recently demonstrated common E. faecium VRE clones, 
harboring the variant esp gene to spread in hospital in Europe, the USA and 
Australia. Such clones were almost absent among VRE from community and 
animal sources in these countries (Willems 2001). Further analysis of 
isolates from this study using MLST confirmed the presence of such clonal 
spread (Homan 2002).  
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Figure 9. Dendrograms and PFGE patterns of genomic DNA from E. faecium from 
patients in 22 hospitals and cities in Sweden. Above: 22 ampicillin-resistant (ARE) 
and below, 22 ampicillin susceptible (ASE) matched to the 22 ARE for ward and 
time of isolation. Three ARE isolates from 1990-1992 (JO10, LI135 and HA1, in 
bold) are added in the upper dendrogram. PFGE type A  isolates have band patterns 
giving Dice coefficients > 80% when compared pairwise to the pattern of ARE0784 
(representing the dominating PhP type FMSE1, see MoM). Ciprofloxacin MICs are 
in mg/L. DNA sequencing results are added when available (mutated codons in 
bold). 

ARE0784    A   FMSE1   >32
ASE0932    A           >32
ASE1494                  4 
ASE0074    B             4 
ASE0730    B             4 
ASE0241    B             4 
ASE0975                  2 
ASE0671                  2 
ASE1552                  1 
ASE0426                  8      AGC    AGT    GAG  
ASE0162    C             0.25
ASE0841    C             0.5
ASE0582    C             0.5
ASE1156    C             1 
ASE1097                  2 
ASE0620                  0.5 
ASE0309                  4 
ASE1207                  2 
ASE0783    D             2 
ASE0377    D             4
ASE1335                  0.5
ASE1430                  2 
ASE0502                  2 
NCTC8325
lambda

ARE0784    A   FMSE1   >32      ATC    CGT    GAG
ARE1231    A   FMSE1   >32
ARE0884    A   FMSE1   >32
ARE1084    A           >32
ARE1331    A           >32
ARE0971    A   FMSE1   >32
ARE0154    A   FMSE1   >32
ARE0366    A   FMSE1   >32      ATC    AGT    AAG
AREHA1     A   FMSE1   >32
ARE0187    A   FMSE1   >32
ARE0941    A   FMSE1     2      AGC    AGT    GAG 
ARE0493    A   FMSE1   >32
ARE0716    A   FMSE1   >32
AREJO10    A   FMSE1     1 
ARE1153    A   FMSE1   >32      ATC    CGT    GAG
ARE0060    A   FMSE1   >32
ARELI135   A   FMSE1   >32      ATC    CGT    GAG
ARE0271    A   FMSE1   >32
ARE1388    A   FMSE1   >32      ATC    AGT    AAG
ARE0622    A           >32      ATC    AGA    GAG
ARE0302    A   FMSE1   >32
ARE1489    A            32
ARE0450    A   FMSE1     1      ATC    AGT    GAG 
ARE0746        FMSE1   >32      ATC    CGT    GAG
ARE1531                  2      AGC    AGT    GAG
NCTC8325
lambda

10090807060504030  Isolate       PFGE    PhP    Cipro MIC    parC 80   gyrA 83   gyrA 87
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Interestingly, vanA, VRE isolates of the same FMSE1 type as those found 
dominating in Swedish hospitals, were recently found in sewage treatment 
plants in Swedish cities (Iversen 2002). Sewage from local hospitals was 
treated in these plants. Since VRE vanA were very rarely found in 
hospitalized patients so far, a reasonable explanation for this finding is that 
vanA genes were incorporated into the FMSE1 isolates during the passage 
through the sewage system. Still, this finding demonstrates the propensity 
for incorporation of additional resistance genes by the FMSE1 clone. 

PFGE of genomic DNA is considered the gold standard for 
epidemiological typing when investigating local outbreaks. However, it is a 
labor intensive method and very sensitive even for minor alterations in 
bacterial DNA. It has been demonstrated that one single insertion of a 
transposon into an E. faecalis strain changed the PFGE pattern of that strain 
by 8 bands (Thal 1997). Other methods, less sensitive to changes in variable 
regions of genes may therefore be more suitable when investigating clonal 
relationships among large number of isolates representing longer periods of 
time (e.g. >6 months). In contrast to PFGE, the PhP-FS typing system has 
the advantage of being easy and inexpensive to perform. It has been shown 
to offer high reproducibility (98%), and according to recent data this method 
is suitable for typing of enterococci and correlates well with PFGE typing 
even when investigating local outbreaks (Kuhn 1995, Lund 2002).  

High-level ciprofloxacin resistance (MICs>16 mg/L) was found only in 
ARE and never in ASE isolates. Sequencing of parts of gyrA and parC 
showed mutations only in ARE (n=12) and never in ASE (n=12) isolates. In 
our large collection of ASE, we deliberately chose the ASE isolates with the 
highest MICs of all to be included for sequencing, and still there were no 
mutations found. ARE isolates with ciprofloxacin MICs of <16 mg/L also 
generally lacked mutations. Mutations were found both among ARE FMSE1 
isolates and other ARE isolates. Interestingly, gyrA and parC mutations were 
found in only one of two very similar FMSE1 clinical isolates from 
Linköping 1991, indicating the possible emergence of ciprofloxacin 
resistance in ARE in the beginning of the 1990s. 

Others have found highly ciprofloxacin resistant E. faecium isolates with 
mutation in parC80 only (Brisse 1999). Topoisomerase IV has been 
suggested the primary target for fluoroquinolones in enterococci as well as 
other Gram positive bacteria. Our finding of two ciprofloxacin susceptible 
(MICs 1 mg/L) isolates with alterations in parC80 indicates that additional 
mechanisms are necessary for the expression of fluoroquinolone resistance, 
in E. faecium. 
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Presence and relation to invasiveness of esp in E. 
faecium (V). 
In ARE blood isolates from the period 1994-2001, a minority (11/29) were 
esp positive. Moreover, 8 of these 11 esp positive isolates were of the same 
PFGE strain type and from patients with bacteremia during 1994-95 (all 
patients with ARE bacteremia during those years (Table 10). 
 
 
Table 10. Presence of the esp gene in ampicillin-resistant E. faecium isolates from 
infected and non-infected patients hospitalized in a hematology unit (HU) and other 
units (OU) at UUHduring the years 1994-2001. The presence of esp in some 
additional isolates (results not included in paper V) is presented in the lower part of 
the table. 

 
Source of isolates 
(collection)1 
 

Year 
  

No of 
isolates 

 

Isolate from 
infected site 

No of esp 
positive 

isolates (%) 
     
Blood HUnew               (6) 1994-95 8 Yes  8 (100) 
Wound  OU                (5) 1994-95 3 Yes  3 (100) 
Urine     OU                (5) 1994-95 12 Yes 11 (92) 
Surveillance HUold 2      (6) 1994-95 20 No 16 (80) 
Surveillance HUnew 3    (6) 1998 21 No 13 (62) 
Surveillance HUnew 4    (6) 2001 7 No  2  (29) 
Blood HU                   (6) 1996-2001 21 Yes  3  (14) 
     
All isolates in paper V   

1994-2001 
 

92 
 
- 

 
56 (60) 

     
Fecal isolates from 
outpatients                 (2) 

 
1998 

 
40 

 
No 

 
34 (85) 

Fecal isolates from 
healthy subjects5 

 
1997 

 
11 

 
No 

 
0  (0) 

 

1 See MoM. 
2Perianal (n=7), faecal (n=11) and urinary (n=2) isolates obtained during routine surveillance 
of patients. 
3Perianal and faecal isolates obtained from patients during a three months prospective study.  
4Perianal isolates obtained during a one-day point-prevalence study. 
5Fecal isolates from healthy subjects in Dalarna county with no hospitalization during the 
previous year. 
 
The remaining 3 esp positive blood isolates were from patients with ARE 
bacteremia during 1999 and two of these were of the same PFGE strain type. 
There were no esp positive blood-isolates from the other years studied. 
In colonized patients, esp was frequently found in isolates obtained during 
1994-95, when 17/20 of surveillance isolates from 20 patients on the HWold 
harbored this gene. Six of these patients also had bacteremia with esp 
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positive ARE. In addition, esp was almost uniformly present in the 15 
clinical urine and wound isolates from patients on other wards in the hospital 
during 1994-1995. From 1996 and onward, esp was rarely present in blood 
isolates, (3/21) but still frequently found in surveillance isolates in 1998 and 
less so in 2001 (Table 10). 
We further analyzed the 40 ARE E. faecium isolates from non-hospitalized 
individuals (collection 1) for the presence of esp and found this gene to be 
present in 84% of these isolates. However, in fecal E. faecium isolates from 
healthy individuals in Dalarna with no hospital stays during the previous 
year, none (0%) harbored esp. 

Discussion 
 
The variant esp gene was wide-spread among vancomycin susceptible but 
ampicillin resistant E. faecium isolates in the HU during the 7 year period 
studied. The gene was found in 71% (45/63) of ARE isolates from colonized 
sites, urine and wounds and 38% (11/29) of blood isolates (p=0.002).  

An esp positive clone probably an emerged in the HU during 1994-1995. 
During that period, esp was present in almost all ARE isolates from patients 
in the unit, regardless of cultured body site. In the late 1990s, esp was very 
rare in blood isolates and not as uniformly found in ARE isolates from 
colonized patients as earlier. 
There were limitations of the present study. Before 1995, surveillance 
cultures were routinely taken from HSCT patients, but not from other 
patients on the ward. Other surveillance ARE isolates we had available for 
study (from a prospective 3 month study in 1998 and the one day point-
prevalence study in 2001) probably represented only a fraction of all ARE in 
colonized patients on the ward during the seven years studied. 
Still, some interesting and maybe worrying conclusions can be drawn. 
Colonization with esp positive ARE did not increase the risk of bacteremia. 
The gene was frequently found in surveillance cultures and almost uniformly 
present in urinary ARE isolates. Our results support the suggestion of 
Willems et al.that certain lineages of E. faecium are present in hospitals. 
These may well have certain adherence and biofilm formation properties 
making them better suited for survival and spread in hospitals. 
The high rate of esp among ARE from the non-hospitalized individuals 
(85%) further strengthens the previously mentioned conclusion that these 
isolates were picked up by the non-hospitalized individuals during previous 
hospital stays. Further studies of the role of esp among enterococci in 
hospitalized patients would be of great interest. 
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General conclusions  

 

The purpose of this thesis was to study aspects of enterococci with acquired 
resistance to antibiotics. When considering all aspects, some of which have 
been studied in detail, several major conclusions can be drawn: 

There was spread and high prevalence in Swedish hospitals of clonally 
related ARE isolates. This clonal group may well be related to similar 
vancomycin resistant clones in other countries, although not yet proven. The 
ARE in this clonal group were almost uniformly E. faecium and resistant 
also to fluoroquinolones. Mutations encoding high-level fluoroquinolone 
resistance were present only in ARE islolates and never in matched ASE 
isolates.  

VRE were still rare in the fecal flora of hospitalized patients in Sweden 
during the period studied, although one silent outbreak of VRE vanB was 
detected. The reason for the overall absence of VRE vanA strains in Sweden 
may partly be the result of a wise political decision in 1986 to ban all 
antibiotic use for growth promoting purposes in livestock. It may also be 
associated with the absence of MRSA in Sweden. This absence is probably 
one major reason for the low vancomycin use in Swedish hospitals compared 
to other countries. 

The spread of ARE in hospitals was facilitated by the use of antibiotics, 
especially fluoroquinolones and cephalosporins. Long duration of stay in 
hospitals increases the risk of being colonized with ARE. Skin colonization 
is a risk factor for shedding of ARE to the environment.  

Due to relatively low virulence, enterococci are not a major threat to the 
average hospitalized patient. In contrast, ARE were shown to be able to 
cause severe septicemia and death in patients with immunosuppression. Risk 
factors for septicemia were HSCT and colonization with ARE. Colonization 
with ARE among hematology patients was in turn associated with prior 
exposure to antibiotics. 
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The virulence gene esp, that was recently reported to be associated with 
spread of VRE in hospitals in several countries was frequently found among 
ARE isolates at UUH. The presence of esp did not increase the risk of 
invasive ARE disease. In parallell with VRE, the presence of this gene in 
ARE might well be associated with spread and persistance of such isolates in 
a hospital. 
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Final comment 

The strategy in a nation for, if possible, arrest of the emergence of further 
resistance in enterococci was recently addressed (Ridwan 2002). The 
measures to be taken depend on the epidemiology of ARE and VRE in each 
country. The Nordic countries have much in common concerning the 
prevalence of VRE. The contributors in a recent Nordic meeting on 
enterococci attended by researchers from both the veterinarian and human 
medicine agreed on a “search and contain” strategy for future problems with 
VRE in the Nordic countries. Experiences of others tell us that a successful 
struggle against VRE include the widespread and consequent use of 
surveillance culturing, a lot of educational efforts and uniform compliance to 
hospital-control recommendations (Ostrowsky 2001).  

During 2002, two distinct meticillin-resistant Staphylococcus aureus 
(MRSA) strains, also resistant to high concentrations of vancomycin were 
isolated in two different states in the U.S. Both strains had acquired 
resistance due to in vivo transfer of the vanA operon. It is highly suspected 
that VRE strains provided these genes. This event is by many considered to 
be the most important in bacterial antibiotic resistance in 20 years. Examples 
from the past have shown that when a new resistance phenotype is detected 
it is because it has already been largely spread in nature. (Gonzalez-Zorn and 
Courvalin 2003).  

It seems, we have everything to gain and a lot to loose in the struggle against 
antimicrobial resistance. 
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